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APPARATUS USED FOR HIGH-POWER SWITCHGEAR TESTING 

i 

By J. S. CLIFF, Associate Member. 

(Paper first received 23 rd June, 1936, and in final form 12 Mi February, 1937; read before.the North Midland Centre, at Leeds, 
J \Wi January, 1937.) 


SUMMARY 

The paper deals with the equipment and construction of 
a modern high-power testing laboratory capable of testing 
circuit breakers of ratings up to 1 500 MV A at voltages up to 
132 kV. . 

General details of the power circuit are given, including the 
generator, super-excitation system, load and power factor 
control, step-up and step-down transformers, and switchgear. 

The metering and instrument equipment is also described, 
particulars being given of both low- and high-frequency 
oscillographs and their associated components. 


TABLE OF CONTENTS 

Introduction. 

General Layout of Plant. 

Part I. Power Circuit. 

Generator. Generator driving motor. Generator 
field circuit. Master circuit-breaker. Reactors. Re¬ 
sistors. Making switch. High-voltage transformers. 
Low-voltage transformer. Test bays. Oil supplies. 

Part II. Metering and Instrument Equipment. 

Low-frequency oscillograph. Shunts. Current trans¬ 
formers. Potential transformers. Potential dividers. 
Fluid-pressure recorder. Cross-bar travel recorders. 
Pilots. Cathode-ray oscillographs. Short-circuit tim¬ 
ing. 

Other apparatus. 

Acknowledgements. 

Introduction 

Within the last few years the importance of avoiding 
electrical power shutdowns due to switchgear failure 
during short-circuits has increased considerably. Supply 
engineers require definite guarantees from the makers 
that their circuit breakers are capable of reliably ruptur¬ 
ing their rated breaking capacity, and that associated 
apparatus will withstand the stresses imposed during 
short-circuits. These points can only be proved by 
direct tests at full power. 

In the absence of an independent testing station, 
several of the larger switchgear manufacturers have 
built their own test plants. This paper briefly outlines 
the major features in the design and construction of one 
of these stations. 

General Layout of Plant 

The object of the plant is to reproduce controlled 
short-circuits having characteristics as similar as possible 
to the faults liable to occur on supply networks. When 


the station was planned in 1933, consideration of the 
design of the generator showed that a single machine 
would be sufficient for testing circuit breakers rated up 
to 1 500 MVAil MV A = 1 000 kVA). As this covered 
the majority of the switchgear then contemplated for 
manufacture it was decided to build the laboratory round 
a single generator,, space being left on the site for dupli¬ 
cating the generating plant should future requirements 
demand it. 

The general layout o*l the station finally adopted is 
shown in Fig. J., the more important electrical circuits 
being shown diagrammatically in Fig. 2. The distance 
between the generator and the test bays has been kept 
as short as possible, the main conductors being run in 
a direct line out of the generator, through the master 
circuit-breaker, over the top of the reactors and resis¬ 
tances, through the making switch, and straight into 
the larger test bay. The busbars are of 3 in. diameter 
copper tube, very -heavily braced to a steel supporting 
framework from which they are insulated by bakelized 
paper cylinders and wooden clamps. The capacitance 
to earth has been kept as low as possible to ensure a 
high natural frequency of electrical oscillation for the 
circuit. Reactors and resistances are put into circuit 
by opening links in the main busbar run. 

The high-voltage transformers are located at the side 
of the smaller test bay, while the low-voltage trans¬ 
former is mounted close to one side of the larger test bay 
in order to keep the heavy-current connections as short 
as possible. The leads to the primaries of these trans¬ 
formers are connected to the main busbars on the side 
of the maker switch remote from the generator, so that 
this switch can be used for closing short-circuits at all 
voltages. 

Before each series of tests the generator room is 
vacated and the plant controlled solely from the obser¬ 
vation room. This practice has been adopted in the 
interests of the safety of the operating staff in the event 
of a breakdown on the test plant, and also to obviate the 
necessity of screening all live high-voltage connections. 

The observation room is situated on a bank over¬ 
looking the test bays, which are about 30 yards distant. 
The main room is divided into two sections, the one 
containing the low-frequency oscillograph, the pendulum 
timing control, the firing board, and the generator 
control board, the other being used as a general office. 
Behind the main room is situated the dark room, entered 
through a light trap, and provided with lightproof 
hatches for passing the camera drums in and out.. At the 
rear of the dark room is the cathode-ray oscillograph 
room, also provided with a hatch for the rapid transfer¬ 
ence of films. Below the observation room is built a long 
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gallery provided with viewing windows and capable of 
holding 50 persons. 

In close proximity to the test bays is a workshop where 
circuit breakers are prepared for test and have minor 
modifications and overhauls made to them. The test 
area is enclosed to prevent unauthorized persons from 
entering during testing. 

PART I 

POWER CIRCUIT 
Generator 

Since for an equivalent frame size a 2-pole alternator 
can be made with larger output than a low-speed 
machine, the generator was designed for 3 000-r.p.m. 
operation. The frame size is approximately the same 
as that of a standard 50 000-kVA machine, the stator 
weighing 80 tons and the rotor 23 tons. 

The short-circuit power output of a generator varies 
approximately as the square of its voltage, and maximum 
output can therefore only be obtained for full field 
current. It follows that to obtain full short-circuit 
capacity at several testing voltages the stator connec¬ 
tions must be changeable to give alternative voltages for 
full field current. Each phase has accordingly been 
wound in two sections, arranged for series/parallel 
connection, and the three phases can be coupled either 
star or delta. The norriinal voltages at normal full field 
are: series/star, 22 kV ; series/delta, 12-7 kV; parallel/star 
11 lcV; parallel/delta, 6-35 kV. There is sufficient over¬ 
voltage margin for the parallel/delta connection to be 
used for testing 6 • 6-kV apparatus. Intermediate voltages 
are obtained by field regulation. When the phases are con¬ 
nected in star the neutral point can, if desired, be earthed 
either solidly or through a variable liquid resistance. 

The decrement of the symmetrical component of the 
short-circuit current is of the greatest importance, since, 


when testing circuit breakers in accordance with specifi¬ 
cations such as the revised B.S.S. No. 116—1929, which 
insists upon the opening of the circuit being delayed 
until the d.c. component of the short-circuit current has 
fallen below 20 per cent, the ruptured-current value may 
be greatly reduced if the decrement is large. As the 
recovery voltage is also reduced proportionately, the loss 
in testing power may be considerable, thus lowering the 
effective testing capacity of the plant. 

Since the a.c. decrement is caused by the demag¬ 
netization of the field by the flux due to the stator 
current it is possible to reduce it by increasing the field 
excitation during the short-circuit, and thus counter¬ 
acting the armature reaction. This is done by employing 
an extra-large exciter capable of supplying the normal 
generator field through a series resistance winch can be 
cut out during the test, thus increasing the field current 
to several times its normal value. The circuit used for 
this is shown in Fig. 3. Before the short-circuit the field 
is adj usted to the required value with the contactor open 
and the ballast resistance in circuit. A few cycles before 
the short-circuit is applied the contactor is closed, cutting 
out the resistance and boosting the field current. At 
the conclusion of the test the excitation is removed by 
opening the field circuit of the main exciter. 

The ballast resistance used has a maximum value of 
1-0 ohm. The maximum voltage of the main exciter 
is 1 200 volts, and when this is applied to the rotor the 
current is boosted from the normal full value of 900 
amperes to 4 500 amperes. The amount of boost selected 
depends upon the MVA value of the short-circuit 
applied, and is varied by adjusting the value of the 
ballast resistance. The resistance is made in four sections 
of 0-25 ohm, each capable of carrying 900 amperes for 
15 minutes, and arranged for series/parallel connections, 
enabling 10 resistance values to be obtained. 
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Fig. 3. —Generator field boosting circuit. Fig. 4. —Normal open-circuit characteristic. 
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Fig, 6. —Effect of using super-excitation. 
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When super-excitation is used on a testing generator 
it must be designed to operate with the field well satu¬ 
rated at the working voltage. This avoids large voltage- 
rises due to the abnormal exciting current, and helps to 
stabilize the flux and so reduce the demagnetization. 
Fig. 4 is the open-circuit characteristic of the generator 
when connected in parallel/star, and is taken up to the 
normal full field current of 900 amperes. The figure 
also indicates how the driving-motor input increases as 
the field is applied. * 

The continuation of the open-circuit characteristic for 
boosted values of field current above 900 amperes ?s 
given in Fig. 5, this being derived from an oscillogram 
taken by adjusting the field to 900 amperes and then 
cutting out the 1 • 0 -ohm ballast resistance, the excitation 
and stator voltage increasing as shown. • 

The curves in Fig. 6 illustrate the advantage of super¬ 
excitation. Without field boosting the short-circuit 
current falls to 25 kiloamperes from its initial value of 
41 kiloamperes by the time the d.c. component has fallen 
to 20 per cent, the MV A (based on symmetrical current 
multiplied by recovery voltage) falling to 300 from 
780 MV A. With exactly the same circuit constants but 
employing super-excitation during the short-circuit, the 
corresponding figures are 35 kiloamperes and 570 MVA, 
this,being nearly double the unboosted power output. 
The above figures are taken from tests at approximately 
half the output of the generator. For tests at lower 
MVA values the a.c. decrement is still further reduced 
by using field boosting, and can be completely annulled 
for short-circuits below 500 MVA. 

With the stator connected in parallel/star the reac¬ 
tance of the generator (including busbars to the test bay 
and shunts) is 0 • 07 ohm per phase at normal full field, 
the stator voltage being 11*8 kV. The initial sym¬ 
metrical short-circuit current per phase is therefore:— 

11*8 

-:—!- = - 97 r.m.s. kiloamperes 

0-07 X 1-73 

Hence the normal instantaneous output during the first 
half-cycle, calculated on open-circuit voltage and sym¬ 
metrical current, is 97 x ll -8 X 1 • 73 — 2 000 MVA. 

If the asymmetrical value of current (resultant of a.c. 
and d.c. components) is used, this value is increased to 
2 800 MVA. By applying the maximum super-excita¬ 
tion approximately 25 cycles before the short-circuit 
the stator voltage can be increased to 14 kV, as shown 
in Fig. 5. The initial symmetrical short-circuit current 
per phase is then increased to 116 r.m.s. kiloamperes, 
this gi ving an instantaneous symmetrical output during 
the first half-cycle of 2 800 MVA, the asymmetrical value 
of this being nearly 4 000 MVA. 

The stator frame is of fabricated steel and is in direct 
contact with the concrete foundations. The concrete 
raft on which the machine stands is 32 ft. long by 28 ft. 
wide by 12 ft. deep, is heavily reinforced with steel, and 
weighs 450 tons. The subsoil is almost pure rock sand. 
The stator winding end-turns are very heavily braced 
to prevent movement, the major forces being restrained 
by 2 -in. diameter manganese-steel studs screwed into 
a, manganese-bronze casting attached to the end of the 
stator frame. A further bronze casting fitted over the 
ends of the steel studs braces them radially, and also 


forms a damping winding. The 12 leads from the stator 
windings are brought out of the top of the frame in order 
to facilitate running connections from them and also to 
obviate pits in the foundations. 

The rotor is made from a solid forging of high-grade 
carbon steel and follows standard turbo-alternator prac¬ 
tice except tha-Qthe insulation is increased for the 1 200 - 
volt super-excitation, and the slots are shallower than 
is usual in order to maintain strength in the steel. A 
special damping winding is inserted in the rotor slots 
above the field winding to assist in the reduction of the 
short-circuit current decrement. The slip-rings and 
brushgear are liberally designed to carry the abnormal 
exciting current. * 



Filter 


Fig. 7.—Generator oiling sj^stem. 

Forced-draught cooling is supplied by an external fan, 
driven by a 130-h.p. motor, delivering 50 000 cu. ft. 
of air per minute. The air is drawn in from outside the 
laboratory through an oil filter having an area of 136 
sq. ft. and after passing through the machine discharges 
into the room from the top of the stator. Doors are 
provided in both the fan intake and the stator outlet. 
These are tripped automatically should the electrical 
protective relays operate, indicating an insulation failure 
in the stator winding. At the. same time eight 50-lb. 
cylinders of carbon-dioxide gas are automatically 
released into the stator to minimize any fire hazard. 

The rotor bearings follow standard practice, but are 
amply designed since they are subject to shocks during 
short-circuits. Thermocouples and contact thermometers 
are fitted to give warning of overheating. High-pressure 
pumps injecting oil at 1 000 lb. per sq. in. under the 
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bearings are provided to assist starting and relieve the 
duty on the driving motor. 

The oiling system has received very # careful considera¬ 
tion since, owing to the high inertia of the rotor, it takes 
about 40 minutes to come to rest from full speed, and 
oil must be supplied during this period should all auxiliary 
power fail. { 

The arrangement adopted is shown diagrammatically 
in Fig. 7. The top reservoir holds 900 gallons of oil and 
is always maintained full by the low-pressure pump which 
delivers slightly more than the bearings pass at full speed 
(35 gallons per minute), the surplus returning to the sump 
through the overflow pipe, which is large enough to pass 
the full output of the pump when the generator is at 
rest. Should the level in the top reservoii^fall, indicating 
that the pump has stopped, the float relay switches off 
the driving motor and warns the attendant. . 

The oil is cooled by an air cooler situated in the 
generator main fan intake, this being supplemented by 
a water cooler during hot weather. 

The windings of the generator are protected by stan¬ 
dard McColl relays set to operate for a fault current of 
100 amperes and overload relays set at 500 amperes* 
The latter operate through a definite time-delay relay 
adjustable from 0 to 10 sec. 

Generator Driving Motor 

The driving motor is quite small in size compared with 
the generator, since it is only used to run the rotor up 
to full speed and supply the open-circuit losses. Just 
before each test the motor is disconnected from the 
mains, the kinetic energy stored in the generator rotor 
being used to supply the short-circuit losses. Referring 
to Fig. 4, it will be seen that approximately 200 kW are 
required to drive the rotor unexcited, and 2 050 lcW at 
the full normal field of 900 amperes. As the full excita¬ 
tion is only applied for short periods the motor has been 
designed to give 2 500 h.p. for 10 minutes, with 30 
minutes between duties. The motor is of the slip-ring 
induction type, the stator voltage being 550 volts, and it 
is cooled by air tapped from the generator fan circuit. A 
flexible coupling is used between the two machines. The 
motor can be used for emergency braking of the generator 
by reversing two of the stator leads. In this manner the 
rotor can be brought to rest in about 5 minutes. 

The starter is of the liquid type, the electrodes being 
motor-operated. The design is such that the maximum 
resistance is sufficient for braking and the minimum low 
enough to be short-circuited by a contactor without 
an excessive current surge. The closing of the contactor 
returns the starter automatically to the full resistance 
position, where it is ready for bringing the rotor back 
up to speed again for the next test or emergency braking 
if required. The duty on the starter is very onerous 
since it is used after each test, and the drop in rotor 
speed during the short-circuit is considerably increased 
by the use of super-excitation. The electrolyte is cir¬ 
culated through a large radiator, and as many as 30 
restarts have been made in a day without overheating. 

Generator Field Circuit 

The main exciter runs at 480 r.p.m. and follows stan¬ 
dard d.c. generator design. It will give 1 200 volts at 


900 amperes, this increasing to 4 500 amperes plus the 
reflection of the short-circuit during the test. It is also 
used for testing d.c. circuit breakers, the ballast resis¬ 
tance then being used as a load-limiting resistance, and 
will give peaks of 15 000 amperes without flashover. The 
driving motor is of the slip-ring induction type, and this 
also is switched off prior to the short-circuit test, the 
energy required during the test being supplied by a 13- 
ton flywheel. The ballast resistance must necessarily 
be l&rge in size since it has to dissipate nearly the full 
output of the exciter before the test. It consists of cast- 
iftm grids arranged in a bank and cooled by a fan. 

Master Circuit-breaker 

The generator is protected by a master circuit-breaker 
which clears the circuit should the apparatus under test 
fail, or consist of a reactor or transformer. An oil cir¬ 
cuit-breaker fitted with explosion pots is used and is 
capable of rupturing the full output of the generator if 
necessary. The contacts are those of a standard 3 000- 


Table 1 

Minimum Short-circuit MYA available using 
Reactors and Transformers 


Test voltage 

Short-circuit current 

MVA 

Transformer ratio 

kV 

amperes 


kV 

0-22 

3-phase, 900 

0-35 

11/1-9 

0-44 

3-phase, 450 

0-35 

11/3-8 

0-66 

3-phase, 700 

0-80 

11/3-8 

2-2 

3-phase, 100 

0-38 

11/19 

3-3 

3-phase, 50 

0-30 

11/33 

6-6 

3-phase, 25 

0-30 

11/66 

11 

3-phase, 42 

0-80 

11/66 

22 

3-phase, 84 

3-20 

11/66 

33 

3-phase, 130 

7-50 

11/66 

44 

3-phase, 160 

12-50 

11/66 

66 

3-phase, 260 

30 

11/66 

114 

1-phase, 127 

14-50 

11/114 


ampere breaker. The circuit breaker is closed by com¬ 
pressed air at 100 lb. per sq. in., obtained from a com¬ 
pressor plant which is also connected with the test bays 
for the operation of pneumatically-closed circuit breakers 
under test. 

Reactors 

In order to vary the short-circuit current output of 
the generator and still maintain a low power factor to 
comply with switchgear specifications, inductance must 
be introduced into the circuit. This takes the form of 
concrete reactors of similar type to those used in power 
stations but filled in solid with concrete to increase their 
mechanical strength. Four reactors are employed per 
phase, the maximum reactance being 4-2 ohms. To 
obtain very low values of MVA the transformers are used 
in conjunction with the reactors, the generator voltage 
being reduced correspondingly. The minimum values 
of MVA available are given in Table 1. A range of lower 
values of reactance down to 0-028 ohm in 53 steps is 
obtained by tappings and series/parallel connections of 
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the reactors made by latched knife switches. For single¬ 
phase tests the reactors in all three phases can be con¬ 
nected in parallel to obtain further values of inductance. 

Resistors 

To carry out tests at higher power factors, and when 
it is necessary to accelerate the decrement of the d.c. 
component of the short-circuit current, resistance must 
be added to the circuit. This is obtained by specially- 
designed liquid resistances. The dimensions of the tanks 
are given in Fig. 8. Using water from the local well the 
resistances have a value of slightly over 1 • 0 ohm when 
full; by lowering the water level a maximum working 
resistance of 4 - 5 ohms per phase can be obtained. Values 
below 1 • 0 ohm are achieved by adding concentrated 
washing-soda solution, mixed quickly by agitating^ the 
electrolyte with compressed air. The ohmic values are 
measured by the volt/ampere method using low-voltage 
alternating current from a metering panel permanently 
mounted beside the resistances. 

Making Switch. 

A separate switch is employed for closing the short- 
circuit for “ break ” tests. Since it never has to break 
any power its construction is relatively simple. The 
contacts are air-insulated to facilitate inspection and 
maintenance, and are arranged in sets on quickly-remov- 
able copper castings, 16 pairs of contact fingers being 
used on each fixed terminal. The moving contacts 
consist of two vee-shaped blades in parallel per phase, 
each pair being removed by slackening a single clamping 
bolt. The average life of a set of contacts is about 6 
months. To prevent excessive burning when making 
currents of the order of 300 kiloamperes (peak) the closing 
speed has been made high, the travel of the moving 
blades being kept small. A total break of 4 in. (two 
breaks in series) per phase has been found quite sufficient 
for 22-kV service. The moving contacts are latched open 
against two powerful compression springs, the latch being 
tripped by a small solenoid to close. The switch is opened 
and the springs re-compressed by the direct pull of a 
solenoid. The current is led into the switch in such a 
direction that the electromagnetic forces acting upon the 
cross-bar do so in the same direction as the closing 
springs, and thus tend to hold the contacts more firmly 
together. 

High-voltage Transformers 

For tests above 22 kV, step-up transformers are used. 
Three similar single-phase units have been installed, the 
primaries arranged for operation at either 11 or 22 kV 
each, the secondaries at 19 or 38 kV each. The primaries 
are connected in delta for 3-phase working, or in parallel 
for single-phase tests. The secondary voltages obtain¬ 
able are:— „ , 

Three-phase. Parallel/delfa, 19 kV; parallel/star, 
33 kV; series/delta, 38 kV; series/star, 66 lcV. The 
neutral point may be either earthed or insulated. 

Single-phase. Parallel/parallel, 19 kV; series/parallel, 
38 kV; parallel/series, 57 kV; series/series (2 trans¬ 
formers), 76 kV; series/series (3 transformers), 114 kv. 
The reactance of the transformer bank is slightly less 
than that of the generator, so that the 3-phase output is 


approximately half of that obtainable using the generator 
alone. Where the circuit breaker has a greater rupturing 
capacity than this, single-phase tests are made. 

Each transformer is of modified shell construction, 
which enables strong circular coils to be used and also 
permits the close interleaving of the high-voltage and 
low-voltage cqjl groups necessary to obtain the low 
reactance figure required. Each complete coil stack is 
clamped between fabricated chrome-steel headers which 
are compressed by four 3-in. bolts of 65-ton steel. Exten¬ 
sions fitted to the bolts pass through oiltight glands in 
the transformer tank top, so that the coil clamping can 
be tightened easily without opening the casing. The 
transformers are. oil-immersed in rectangular tanks, no 
cooling tubes or radiators being necessary in view of the 
short duration* of the current flow. Each phase weighs 
40 tons. * 

To safeguard the transformer windings against voltage 
surges which may occur during testing, surge arresters 
are installed on 'both primary and secondary lines, and 

Table 2 


• —-— — 

Kilovolts 

R.M.S. kiloamps. 

Connections 

3-8 

30 

Series 

Star 

2-2 

52 

Series 

Delta 

1-9 

60 

Series/parallel 

Star 

M 

104 

Series/parallel 

Delta 

0-95 

120 

Parallel 

Star 

0-55 

208 

Parallel 

Delta 


also at the neutral point when it is insulated. The secon¬ 
dary-side arresters are so arranged that their discharge 
voltage can be varied to suit the transformer connections 
employed. 

Low-voltage Transformer 

To enable tests to be made on low-voltage switchgear 
a stepdown transformer has been installed. As the 
maximum rupturing capacity required at the lower 
voltages is considerably less than at higher voltages the 
size of this transformer has been reduced, provision being 
made for testing up to 150 MVA. The three phases are 
accommodated in one tank, oil-immersed and self-cooled. 
The primary is connected for 11-kV working voltage. 
Each secondary phase is wound in four similar sections 
capable of being connected in series/parallel, the three 
phases being coupled either in star or in delta. The 
secondary voltages and currents are as shown m Table 2. 
Intermediate voltages are obtained by generator-field 
manipulation. Although the very heavy currents ob¬ 
tainable on the lower voltages are not required for rup¬ 
turing tests, they are very useful for carrying out heavy- 
current heating and electromagnetic-stress tests on bus¬ 
bar structures, etc. To keep the connections short for 
these tremendous currents, the transformer has been 
mounted immediately against the larger test bay (see 
Fi£. 1). Since owing to the low potential it is possib e 
to & cut off heavy-current arcs before the current passes 
through a normal zero, the transformer may produce 
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Fig. 8 .—Liquid resistance. 
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Plate 1 
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Fig. 10. —Typical oscillogram taken with the low-frequency oscillograph during a malce/break test. 
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Fig. 16 


_Tvoical recovery- voltage record taken on the single-phase cathode-ray oscillograph, 

'withThe corresponding record taken simultaneously on the low-frequency oscillograph. 


together 



Fig. 17. —Pendulum timing controller. 
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voltage surges, particularly on the high-voltage side. 
To safeguard the generator windings from these, surge 
arresters are connected between the three 11-kV primary 
terminals and earth. 

Test Bays 

Two test bays have been provided for housing the 
apparatus while under test. The larger is suitable for 
circuit breakers up to the maximum size so far projected, 
while the smaller one is intended for apparatus rated 
up to 500 MVA. The walls are of reinforced concrete, 
and in the floors are sumps for collecting the oil dis¬ 
charged from switch vents. The front of each cell is 
left open for observation purposes, but doors remotely 
controlled from the observation room are provided. These 
are closed in the event of a serious fire. a 

Apart from sand buckets and hand extinguishers, two 
separate fire-fighting plants have been installed for use 
in either bay. The first consists of a bank of eight 50-lb. 
cylinders of carbon-dioxide gas, all of which can be 
released into either bay by the engineer-in-charge in the 
observation room. The second equipment is a “ Mulsi- 
fyre ” plant which, under the control of the engineer- 
in-charge, projects an atomized water spray on to any 
burning oil in the bay and by emulsification extinguishes 
the flames. A portable Mulsifyre nozzle is also used 
for extinguishing burning oil thrown on to the area in 
front of the cells. 

The testing power is brought into the bays through 
robust and quickly-replaceable porcelain bushings. 
Earthing switches are provided on both high- and 
medium-voltage circuits, these being interlocked with 
the generator field. 

To permit quick tank lowering for inspection of con¬ 
tacts and circuit-breaker interior between tests, each 
bay is provided with an electric hoist. 

Oil Supplies 

A constant supply of clean, dry oil is necessary for oil 
circuit-breakers on test. Two 3 000-gallon tanks,'one 
for clean and the other for used oil, have been installed. 
The dirty oil is decarbonized and dehydrated in a Stream¬ 
line filter plant. Oil from the sumps containing a larger 
percentage of water is initially treated in a De Laval 
centrifugal separator, 

PART II 

METERING AND INSTRUMENT EQUIPMENT 
Low-frequency Oscillograph 

The transient currents and voltages which occur during 
a short-circuit test can only be recorded by an oscillo¬ 
graph. The records normally taken are volts, amperes, 
and watts per phase, tank pressure, cross-bar travel, and 
trip-coil current. For special tests a greater number of 
records may be required. It was therefore decided to 
install permanently an oscillograph giving 12 records on 
one film, this being sufficient for routine testing, and 
to make arrangements for running ari existing portable 
6 -element instrument in parallel with it, thus obtaining 
18 records for special tests. Fig. 9 (see Plate 1, facing 
page 600) gives a general view of the 12-element 
oscillograph with the covers removed. 


The vibrators ar-e mounted in a double row at one 
end of the containing box. There are 8 permanent- 
magnet vibrators |or recording volts and amperes per 
phase, tank pressure, and trip-coil current; three dyna¬ 
mometer vibrators for recording arc watts per phase; 
and one super-sensitive vibrator capable of giving a 
deflection of 30 §m. for recording cross-bar travel. Each 
unit can be easily removed for cleaning and inspection. 

Four 8-volt 32-watt straight-filament gasfilled Osram 
lamps are used for illumination. These are connected in 
series and run from a 220-volt d.c. supply through a 
ballast resistance provided with tappings which can be 
cut out to boost the current during exposure. For 
normal (|-sec.) exposures the current is increased 
from the normal of 4 to 5 amperes, but for shorter 
exposures, during which the film drum is run faster 
and higher writing speed is required, the current can 
be increased to 6 amperes. Small neon indicators 
are connected acr # oss each lamp for rapid identification 
should a filament burn out. The lamps have a very 
long life, as they are onfy run for a short period during 
each test. Experience has fully justified the choice of 
light source, the gasfilled lamps requiring no attention 
whatsoever after they have been initially installed and 
adjusted. Furthermore, they enable the oscillograph to 
be made considerably more compact than if an arc 
lamp were employed, the overall dimensions of the 
oscillograph box (excluding film drum and resistance 
control board) being only 31 in. x 20 in. x 10 in. 

Each lamp is housed in a separate tubular container 
in the end of which are arranged three small lenses, 
individually adjustable in a horizontal plane. The lamp 
houses are suspended above the centre lines of the vibra¬ 
tor mirrors so that the reflected beams pass beneath 
them into a cylindrical convex lens 14 in. long X 2 in, 
wide which focuses the ray into a sharp spot on the film 
surface. 

Between the cylindrical lens and the film drum is 
located a shutter consisting of a slotted aluminium plate 
moving in vertical guides. The shutter latch is released 
electrically to open and close the exposure for each test, 
resetting being performed manually. To prevent the 
aluminium from becoming scored and thus sticking in 
the guides, the rubbing surfaces were heavily oxidized 
by an anodizing process in a bath of strong chromic acid. 

The film drum fits on to the end of the oscillograph 
box in two vertical guides, and accommodates a film 
19 in. long by 12 in. wide, one film being normally used 
for each short-circuit test. Four drums are provided 
to enable tests to be made in rapid succession. The 
cameras are removed to the dark room for loading, access 
to the film being gained by removing the back of the 
box. A lightproof shutter inside the camera box closes 
automatically when the drum is removed from the oscil¬ 
lograph. The boxes are constructed of aluminium and 
weigh only 5 lb. each. Hypersensitive film,(speed 1 500 
FI and D) is used for important tests the records of which 
have to be copied. For experimental investigations of 
lesser importance recorder paper is employed. 

The film drum is driven by a variable-speed d.c. motor 
through rubber belts and large-diameter reduction pulleys 
in order to provide constant and smooth speed over each 
revolution. A simple dog clutch is interposed to enable 
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the camera to be removed for loading, etc. The speed 
range obtainable with motor speed control and alter¬ 
native gear ratios is 10-480 r.p.m.; Jhis covers all the 
usual exposure times required in short-circuit testing. 
A tachometer is attached to the drum shaft. 

The camera driving shaft also carries a contact which 
closes for a short period once during <|ach revolution, 
and this in conjunction with a high-speed relay and the 
pendulum timing control (to be described later) enables 
the record to be spaced so that it d®es not cross the join 
in the film. The contact can also be used to enable two 
or more tests to be recorded on one film without over¬ 
lapping. 

The sensitivities of the various vibrators are adjusted 
by non-inductive resistances provided # with tappings 
selected by two small 10-point rotary switches. Addi¬ 
tional series resistance can *be put into the vibrator 
circuits when required by means of the tapped resistances 
let into the bench beneath the oscillograph. Small glass 
fuses are arranged in series with each vibrator to prevent 
damage to the strip in the event <3f an accidental overload. 

Calibration of the vibrator sensitivities is most impor¬ 
tant. To enable this to be carried out before each series 
of tests with the minimum delay, each vibrator circuit 
is provided with a 2-pole change-over switch. "With the 
switch in the lower position the vibrators are connected 
through a plug selector board to the shunts, potential 
transformers, etc., in the test circuit. In the upper 
position the switches connect the vibrators to- the cali¬ 
brating board arranged at the end of the oscillograph. 

For routine checking, calibration is effected by apply¬ 
ing measured values of volts and amperes to the vibrators 
through resistances which compensate for the pilot leads 
to the shunts or potential transformers, etc. The cali¬ 
brating board is supplied from a battery, through variable 
slider resistances mounted on the bench-front beneath 
it. Links are provided for inserting portable substandard 
instruments for checking the three panel meters. The 
recording-spot deflection is measured on a graduated 
screen which fits into the film drum guides. For con¬ 
venience in scaling the oscillograms the sensitivities of 
the vibrators are adjusted so that all three phases have 
the same calibration factor, this being made a whole 
number. 

A typical record taken with the above oscillograph is 
shown in Fig. 10 (Plate 1). 

Shunts 

Shunts are employed for operating the oscillograph 
vibrators recording short-circuit current. To reduce the 
voltage applied to the pilots and the oscillograph they 
are located at the earthed star point of the test apparatus. 
To eliminate errors due to proximity effect and stray 
magnetic fields, the shunts have been made non-inductive. 
Fig. 11 shows the construction of the shunts for recording 
currents from 20 to 200 kiloamperes. Each has a resis¬ 
tance of 0 • 00005 ohm and is made of a material having 
a negligible temperature-coefficient. The potential leads 
are taped close to the outer tube in order to reduce pick¬ 
up from stray flux. The cross-section of the resistance 
element is 6-0 sq. in., this being sufficient to carry 200 
kiloamperes for 25 cycles for 200 deg. C. temperature rise. 

Three shunts similar to the above have been tested 


when mounted on 24-in. centres, and the total interference 
from adjacent circuits, etc., has been found to be less 
than 0-25 per cent, which, compared with the overall 
accuracy of oscillographic measurement, can be regarded 
as negligible. 

Currents ranging from 0-5 to 200 kiloamperes are 
measured with three shunts, rated as follows: 0-5 to 10 
kiloamperes (r.m.s.), 0-001 ohm; 8 to 40, 0-000125 ohm; 
20 to 200, 0-00005 ohm. 



Current Transformers 

When the dynamometer oscillograph vibrators are 
used for recording arc watts their current coils are 
energized from current transformers giving a secondary 
output of 5 amperes. 

Transformers of the ring type with evenly distributed 
secondary windings have been found to be quite satis¬ 
factory provided they are operated at a flux density 
low enough to prevent saturation by completely asym¬ 
metrical current waves. The iron circuit of the largest 
transformer, rated at 160 000/5 amperes, is If in. by 
If in., with a mean circumferential length of 52-| in., 
and is built up of stalloy laminations. The primary 
consists of a copper tube of 10 in. diameter. The secon¬ 
dary winding has 32 coils of 1 000 turns each. These 
can be connected in series-parallel to give the ratios 
160/80/40/20 kiloamperes to 5 amperes. The connections 
are quickly changeable by operating four switches per 
transformer. Owing to the large number of secondary 
turns the open-circuit voltage is several kilovolts. To 
prevent danger to personnel and damage to the secondary 
cables in the event of a break in the vibrator circuit, 
a spark-gap set to discharge at 500 volts is permanently 
connected across the secondary winding. Three trans¬ 
formers mounted side by side on 24-in. centres have 
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been found to have negligible mutual interference. A 
second set of transformers, similar in design to the above, 
with ratios 16/8/4/2 kiloamperes to 5 amperes, are in¬ 
stalled to enable the whole testing current range to be 
covered. 


Potential Transformers 

The generator terminal voltage is measured from three 
single-phase star-connected potential transformers rated 
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Fig. 12.—Potential transformers with insulated-neutral 

generator. 


at 22kV/110 volts. Potential transformers are also 
provided for measuring the voltage across each pole of 
the test apparatus. These consist of three 11 lcV/110- 
volt single-phase units mounted behind the test bay in 


When testing with the generator connected in delta, 
or the neutral point insulated, the inductance of the 
potential transformers is in series with the capacitance 
of the generator winding to earth, as shown in Fig. 12. 
The natural frequency of this circuit is low (10-200 cycles 
per sec.), depending upon the inductance of the trans¬ 
formers for the particular voltage applied and the secon¬ 
dary burden. An effect due to this circuit arrangement 
is the distortion of the recovery voltage. When the first 
phase of the circuit breaker clears, the voltage of the 
generator neutral-point is raised above earth and the 
electrostatic capacitance of the windings is charged. 
Upon the other two phases clearing, the neutral point 
again falls to earth potential and the capacitance dis¬ 
charges through the potential transformers at the natural 
frequency of the circuit. The 50-cycle recovery voltage 
is thus^superimposed on a low-frequency damped oscilla¬ 
tion. An example of recovery-voltage distortion due to 
this is shown in Jjjlg. 13. 

There are several ways of eliminating this effect. If 
the generator is connected in star the neutral point can 
be earthed through a non-inductive resistance of about 
i{ 500 ohms. This forms a discharge path for the winding 
capacitance (see Fig. 12), and has little effect upon the 
voltage distribution across the circuit-breaker terminals. 
The resistance used is made up of carbon l'ods mounted 
on a balcelite panel and oil-immersed. 

When the generator is connected in delta the distortion 
can be obviated by using non-inductive-resistance poten- 



Fij 5 , 13._Recovery-voltage distortion with potential transformers and unearthed generator. 


the machine room and connected to either the generator 
or the low-voltage side of the low-voltage transformer; 
three 22/44. kV/110-volt single-phase transformers 
mounted outside and arranged for connection either to 
the generator or the high-voltage side of the high-voltage 
transformers; and one 88 kV/110-volt unit for single¬ 
phase high-voltage tests. All of the transformers are 
of standard design and are protected by high-rupturing- 
capacity fuses and series resistances. 


tial dividers instead of transformers for the voltage 
measurement. 

Potential Dividers 

Three sets of 3-phase resistance potential-dividers, 
have been installed. The circuit employed is shown in 
Fig. 14. The resistance of the divider is selected so that 
it passes about 30 milliamperes at full voltage, most of 
this flowing through the oscillograph vibrator. Should! 
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the vibrator become open-circuited the 1 000-ohm resis¬ 
tance prevents the voltage on the pilots rising above 
30 volts. # 

The first set of dividers are suitable for use up to 
4 ■ 0 lcV and have a maximum resistance of 50 000 ohms 
with tappings at each 5 000 ohms. The resistance units 
used have a value of 5 000 ohms each| and consist of 
No. 44 S.W.G. double-silk-covered nickel-copper resis¬ 
tance wire wound on flat mica strips (8 in. x 1-J- in.). The 
units are air-insulated. 

For use from 3 • 0 to 22 kV the dividers have maximum 
resistances of 250 000 ohms, with tappings at each 



Vibrator 



Fig. 14.—Resistance potential-divider. 


50 000 ohms. Fifty 5 000-ohm units are used, mounted 
on a bakelite framework and immersed in oil. 

The high-voltage dividers are made up in 200 000-ohm 
units, each consisting of a non-inductive wire-wound 
resistance oil-immersed within a cylindrical porcelain 
container fitted with flanges at each end to enable the 
units to be built up into suitable stacks. Twelve units 
are used, these being sufficient for metering up to 66 kV 
(3-phase), or 120 kV (single-phase). 

Fluid-pressure Recorder 

Records of the transient pressures exerted on the tank 
walls during a circuit-breaker’s operation are recorded 
on the oscillogram in order that they may be correlated 
with the electrical phenomena. The scheme used is 
similar to that employed by Messrs. Pearce and Evans* 

The transmitter, which is bolted' to the tank wall, 
consists of a small E-shaped laminated iron circuit with 
a coil on the centre limb. A circular stalloy armature 
is arranged so that movement of a spring-steel diaphragm 
by the pressure varies the impedance of the coil, which 
forms one arm of a simple bridge circuit supplied with 
low-voltage alternating current at I 000 cycles per sec., 

* Journal I.E.E., 1332, vol. 71, p. 713. 


obtained from a valve generator; with no pressure on 
the diaphragm the bridge is balanced and the output, 
which is connected to a standard electromagnetic oscil¬ 
lograph vibrator, is zero. The amplitude of the envelope 
of the record is calibrated against pressure by connecting 
the transmitter to a hydraulic testing pump. By select¬ 
ing suitable constants the calibration has been made 
linear. The diaphragm has been made so that it can 
be easily renewed should an accidental over-pressure 
permanently distort it. In service the recorder has 
proved to be very robust, withstanding considerable 
iR-usage and rough treatment without serious damage. 
The accuracy of recording of both amplitude and wave¬ 
form is easily sufficient for general tank-design calcu¬ 
lations . 

Cross-bar Travel Recorders 

Two methods are used for recording the mechanical 
operation of the test circuit-breaker: the first photo¬ 
graphs the travel characteristic on the oscillogram, and 
the other uses a separate mechanical recorder. The 
transmitter for the oscillographic method consists of a 
potentiometer, the sliding contact of which is moved 
by the circuit-breaker cross-bar, thus varying the voltage 
applied to a vibrator. Two transmitters are used, one 
having a travel of 12 in., the other a travel of 24 in. 

In order to increase the accuracy of measurement from 
the record a super-sensitive vibrator is used, giving a 
working deflection up to 30 cm. if necessary. This in¬ 
creased deflection is very useful for measuring short arc 
lengths such as are obtained when arc-control devices 
are employed on the switch. A typical record is shown 
in Fig. 10 (Plate 1). 

The mechanical recorder consists of an aluminium 
cylinder, 6 in. diameter by 24 in. long, to which paper 
can be attached, rotated at constant speed by a small 
electric motor. A pencil moved axially by the cross-bar 
marks the paper during its travel. The speed of revo¬ 
lution provides the time scale, from which the cross¬ 
bar velocity can be calculated. The point where the 
arc-tips part can be marked on the record, and by 
using this as a datum line it is possible to scale off the 
number of half-cycles arc duration as given by the 
oscillogram and thence find the point on the opening 
stroke at which extinction occurred and the corres¬ 
ponding arc length. A typical developed record, scaled 
and marked, is shown in Fig. 15. The speed of rotation 
is adjusted by means of a flyball governor and measured 
by a simple stroboscope, illuminated by a neon lamp 
connected across the 50-cycle operating supply. Two 
standard speeds of 60 or 90 r.p.m. are used. 

Pilots 

The pilot cables between the oscillograph and the 
shunts, transformers, transmitters, etc., are of screened 
concentric cable run as far as possible at right angles 
to the main busbars in order to reduce interference to 
a minimum; 24 cables are used. 

Cathode-ray Oscillographs 

Two special high-speed cathode-ray oscillographs have 
been installed for recording restriking-voltage charac¬ 
teristics. The first is a single-phase instrument similar 
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to the one recently described by Mr. G. A. Whipple.* 
The discharge tube is of the cold-cathode type, and is 
mounted at an angle to the axis of the main body, so 
that the beam is normally trapped. Application of vol¬ 
tage to a pair of plates allows the beam to pass into the 
main section of the oscillograph tube housing the de¬ 
flecting plates. The beam is focused by varying the 
current through a concentric solenoid mounted approxi¬ 
mately midway between the discharge tube and the 
camera drum. The spot may be viewed and the deflec¬ 
tion calibrated on a fluorescent screen mounted on the 
back of a manually operated shutter above the film. The 
photographic film on which the record is taken rotates 
at speeds up to 3 000 r.p.m. within the main vacuum of 
the oscillograph. The film is 12 • 5 cm. wide and 2 metres 
long, so that at full speed when one 50-cycle wave is 
extended to the full length of the film, high-frequency 
oscillations up to 200 000 cycles per sec. are readable. 



Fig. 15.—Typical oil circuit-breaker travel record showing 
' break and make/break operations. 


Ordinates represent travel in inches. 

The drum is rotated by a d.c. motor, speed control from 
50 to 3 000 r.p.m. being arranged. The drive is taken 
into the vacuum through a 2-stage gland, the intermediate 
section being maintained at a pressure of about 0* 1 mm. 
of mercury by two rotary oil pumps in cascade. The 
main body of the oscillograph and the camera drum are 
evacuated to a pressure of 0-001 mm. of mercury by two 
4 -stage mercury diffusion pumps, which are backed by 
a single-stage rotary oil pump. Two traps cooled to 
— 60° C. by carbon-dioxide snow are situated between the 
oscillograph and the mercury pumps in order to condense 
the water vapour given off by the film, and prevent it 
slowing down the pumps, and also to prevent mercury 
vapour from passing into the oscillograph. A water- 
flow relay cuts off the mercury-pump heaters should the 
cooling-water supply fail. The film is loaded into the 
camera through an aperture with a removable cover 
sealed with a soft rubber gasket. The capacity of the 
pumping system is such that the time from loading the 
film to taking the record is about 30 minutes. This 
oscillograph is used principally for research work on 
experimental circuit-interrupting devices on which single¬ 
phase tests only are made, and Fig. 16 (Plate 2) shows 
a portion of a record, the low-frequency oscillogram of 

* Journal I.EX., 1030, vol, 78, p. 407. 


the same voltage .taken simultaneously being included 
for comparison of the time scales. 

The second cathode-ray oscillograph is a 3-phase model, 
the records of alfthree phases being taken on one film 
36 in. long and 12 in. wide. The development of this 
instrument is due to Mr. R. V. Whelpton.* Three 
exactly similar, oscillograph tubes are mounted side by 
side on 4-in. c&tres, metal discharge tubes of the cokl- 
cathode type being employed. Surrounding each tube 
about halfway down is a coil for bringing the electron 
beam to a sharp focus at the surface of the photographic 
film. Below are four coils arranged so that each beam 
can be given independent steady deflections in two 
directions at right angles and thus the zero position 
brought to any desired point on the photographic film. 
Below the positioning coils are the electrostatic deflection 
plates, which move the beam in a direction at right angles 
to the rotation of the film drum. The beams are trapped 
prior to exposure of the film during recording, by applying 
a low voltage to a pair of deflection plates in each tube. 

The film drum is rotated by a 2-pole induction motor 
arranged with the rotor within the vacuum and the stator 
.putside, the vacuum seal consisting of a constantan tube 
passing through the air-gap. The film drum is enclosed 
within a lightproof case which can be withdrawn from 
the oscillograph and passed into the dark room for re¬ 
loading. Two drums are provided. 

The driving motor is operated from an a.c. supply the 
frequency of which can be varied from 20 to 100 cycles 
per sec. Thus at full speed the drum rotates at 6 000 
r.p.m., one half of a 50-cycle wave being extended to 
36 in. long, enabling 200 000-cycle oscillations to be 
measured. 

The oscillograph is evacuated by two cascaded con¬ 
densation pumps, operating with low-vapour-pressure 
oils, and backed by two cascaded rotary oil pumps. A 
carbon-dioxide snow trap is again used between the 
pumps and the oscillograph. Variable leaks between the 
discharge tubes and the backing vacuum are arranged 
for controlling the tube vacua. A large-bore high- 
vacuum valve between the condensation pumps and the 
oscillograph, and a bypass from the rotary pumps to the 
oscillograph, enable the condensation pumps to be kept 
working whilst films are being changed. 

The high-voltage direct current for the discharge tubes 
of both oscillographs is obtained from a valve rectifying 
equipment capable of giving an output of 80 kV. The 
transformer of this unit is arranged so that it can also 
be used for taking the breakdown values of oil samples. 

The cathode-ray oscillograph room is completely lined 
with £-in. steel plates to screen the instruments from, inter¬ 
ference from the heavy currents in the main circuit. To 
prevent moisture condensing, the walls have been sprayed 
with cork granules before painting. The windows are 
provided with lightproof shutters in order to darken the 
room while the single-phase instrument is being loaded. 

The voltage deflecting plates, which require about 
400 volts, are connected to the main circuit through 
capacitance potential couplers and low-capacitance air- 
spaced concentric cables. The use of the latter enables 
the capacitance of the couplers to be reduced to a mini- 

* Journal I.E.E., 1936, vol. 78, p. DOS; and Journal of Scientific Instruments, 
1935, vol. 12, p. 226. 
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mum in order to prevent appreciable lowering of the 
natural frequency of the test circuit. The record dis¬ 
tortion due to the coupler system is negligible for frequen¬ 
cies up to 200 kilocycles per sec. Vbltage calibrations 
of the records are obtained from the low-frequency 
oscillograms taken simultaneously, the results being 
checked against the figures obtained by the application 
- of known voltage to the deflection places immediately 
before and after the tests. 

The synchronization of the cathode-ray oscillograph 
records with the short-circuit is obtained by operating 
the de-trapping circuits from the main timing pendulum 
through a high-speed relay, 6 cycles being an average 
exposure. 

The time scales of the above two cathode-ray oscillo¬ 
graphs represent the practical limit ^obtainable by 
mechanical means. While this is sufficient for the 
majority of investigations there are problems fn con¬ 
nection with rates of rise of'restriking voltage at abnor¬ 
mally high natural frequencies, such as can be achieved 
by mounting a portion of the circuit reactance very close 
to the test circuit breaker, in which a swept time-base 
record is necessary if reasonable accuracy is to be en¬ 
sured. A third cathode-ray oscillograph is therefore 
in course of construction, in which the record will be 
taken on a stationary photographic film and an electro¬ 
static time-base employed. This instrument will also 
be used in the impulse testing of transformers, lightning 
arresters, etc., while under full excitation; the installa¬ 
tion of the necessary surge generator is contemplated 
, for the near future. 

Short-circuit Timing 

During each test the switching of the main circuit 
components and the recording apparatus has to be con¬ 
trolled to a time schedule which must be correct to within 
l"Jo sec. This necessitates a very accurate timing device, 
which should also be as flexible as possible in operation 
to allow for the wide range of time settings demanded 
by tests on various pieces of apparatus with differing 
characteristics. The timing controller installed consists 
of a series of relay contacts actuated by a compound 
pendulum during a single swing, and is shown in 
Pig. 17 (Plate 2). 

Twelve contacts are provided, all arranged so that 
they may be either closed or opened by the action of the 
pendulum. Each moving contact consists of a silver 
ring recessed into an insulated barrel which moves axially 
in guides. Four fixed silver contacts are arranged to 
rub lightly on the barrel, the upper pair being connected 
together by the ring when the cylinder is latched against 
the operating spring. When the pendulum trips the 
latch, the upper pair of contacts are broken, and the 
lower pair are made. Since only a sliding contact is 
used, bounce is eliminated. 

The twelve contacts are mounted on four sectors, 
enabling the contacts to be set at very close time-inter¬ 
vals if required. The pendulum has an active swing 
of 50°, the period of swing being varied by adding jockey 
weights to the lower bob. Five weights are provided, 
these giving swings of 1, 2, 3, 4, or 5 sec., a range which 
is ample for all testing requirements. To enable the 


pendulum contacts to be safely reset and adjusted be¬ 
tween tests a 12-pole contactor is provided for rapidly 
isolating all connected circuits. 

Before the test the pendulum is latched to one side, 
the latch being tripped by a small electromagnet ener¬ 
gized via the contact on the main oscillograph camera 
drum so that the release is synchronized with the rotation 
of the film to ensure that the record does not cross the 
join. 

The pendulum contacts operate as follows for a typical 
“ make/break ” short-circuit test: Contact 1 opens low- 
frequency oscillograph shutter; contact 2 boosts generator 
field; contact 3b closes test circuit-breaker; contact 4 
trips test circuit-breaker; contact 5 untraps cathode- 
ray oscillograph beam; contact 6 traps cathode-ray 
oscillograph beam; contact 7 closes low-frequency oscil¬ 
lograph shutter; contact 8 opens generator field; contact 
9 trips master circuit-breaker; contact 10 opens test oil 
circuit-breaker closing-coil circuit. Contact 3a closes 
maker switch (alternative for contact 3b above on 
" break ” tests); contact 11, spare. 

As each circuit breaker tested has different operating 
time-delays it is necessary to measure these before the 
short-circuit time schedule can be arranged. To enable 
this to be done quickly, a simple and robust " cycle 
counter ” has been made. It is operated from a 230- 
volt 50-cycle controlled-frequency supply, and consists 
of a scale, graduated from 0 to 50, rotated by a standard 
telephone rotary-switch mechanism energized through 
a half-wave metal rectifier. Connections are made to 
the test circuit-breaker so that by opening and closing 
it the operating delays can be read off in cycles, which 
is sufficiently accurate for all routine testing. 

Other Apparatus 

A standard 16-mm. cinematograph camera, remotely 
controlled from the observation room, is used for record¬ 
ing special tests and is very useful for confirming visual 
observation of smoke and flame emission. A standard 
half-plate camera is used for photographing the interiors 
of circuit breakers before and after important tests. To 
assist in the interpretation of the cathode-ray oscillo¬ 
grams a knowledge of the natural frequencies present 
in the test circuit is very useful. Several frequencies 
may appear, since the generator, reactors, transformers, 
busbars, etc., all have different frequencies. The fre¬ 
quency response of the various test-circuit set-ups is 
measured by applying a small voltage derived from a 
variable-frequency oscillator (range, 20-200 000 cycles 
per sec.), and observing the volt-ampere characteristic 
by means of a gas-focused cathode-ray oscillograph. A 
portable universal bridge is also used for measuring the 
various inductances, capacitances, and resistances, so 
that the measurements may be amplified by calculation. 
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Mr. W. Dundas: Prior to the introduction of switch¬ 
testing stations reliance had to be placed on empirical 
formulae and experience in the field for the developments 
in the design of heavy switchgear. This method has 
led to fallacious and optimistic estimates of switch 
ratings, rendering it necessary, after subsequent tests, 
to modify the original rating. The work of research 
now made possible has considerably improved the tech¬ 
nique employed in the design and manufacture of switch- 
gear' and other associated equipment, which is very- 
necessary to meet the exacting demands of the industry 
to-day. From the users' standpoint the testing of switch- 
gear is equally important, and establishes confidence that 
the equipment supplied is up to the required standard 
for the particular duty it may be called upon to perfofm. 

In the Home Office Report on Electrical Accidents 
in 1935 a switch is stated to have failed on a lower duty 
than that for which it had been tested, and this raises 
the question whether the tests carried out at the testing 
station represent conditions that may obtain in service. 
It would appear that further research is required before 
the question can be answered satisfactorily. The failure 
referred to above may have been due to some defect in the 
switch or to the method of operation, and without full 
details of the conditions appertaining to the case it is 
not possible to form a definite conclusion on the subject. 

In his opening remarks the author referred to the use 
of compressed air for the closing of circuit breakers, and 
I should like to know the reason for his apparent pre¬ 
ference for pneumatic control. 

Mr. W. Fordham Cooper: I am very interested in 
this paper since I was for some time associated with the 
original circuit-breaker tests carried out by the E.R.A. 
soon after the War. The developments and elaboration 
which have occurred since that date are very striking, 
but the discoveries of recent years have not been alto¬ 
gether unexpected. For example, I remember discussing 
with Dr. Whitney whether the recovery transient reached 
values which the low-speed magnetic oscillograph would 
not record. We have had to await the perfecting of 
more delicate apparatus to confirm this point. 

At present engineers are anxious to ascertain whether 
test results truly represent service conditions: it has been 
suggested that circuit breakers on test are tuned up like 
a racing motor-car, whereas gear in use may be compared 
to last year’s model—j ust ready for exchanging. It might 
be interesting to test more switches direct from service 
without changing the oil or making any adjustments. 

There are two points on which I should like the author’s 
opinion. In testing, the circuit breaker is usually closed 
into a dead short-circuit. Would it be useful to try the 
effect of including an arc in the circuit, as this more 
closely resembles the conditions of service, and may 
perhaps affect the operation? 

Secondly, I have on several occasions found clear 
evidence that a high-resistance fault has developed into 
a dead short-circuit when the switch was approaching 
the fully open position. This is believed to impose a 
very severe duty on the breaker. How should such a 
condition be represented in test procedure ? 

Mr. W. T. J. Atkins: I should like to point out that 
on test plants as now constructed the rate of rise of 


restriking voltage is much higher than is experienced 
under service conditions. I have discussed this question 
with engineers associated with testing plants. They 
have assured me that to install equipment which would 
enable the restrildng rate to be adjustable to such an 
extent that service conditions in that respect would be 
reproduced would be an expensive matter—in fact, it 
might cost as much as the testing plant itself. There 
are three testing stations in this country and, for com¬ 
mercial reasons, no doubt, collaboration is ‘rather im¬ 
practicable, but it does seem a pity that capital should 
be spent in that way when co-operation between the 
constructors of stich equipment might, by means such 
as I have refe»red to, result in tests far more closely 
resembling service conditions. 

Mr. «R. M. Longman: The author shows an oil 
reservoir in the machine room 30 ft. high, from which 
a small pipe comes down. Does this pipe come straight 
down into the room, or outside ? There should be some 
means whereby, in the event of the pipe breaking, the 
oil flow would be immediately cut off. 

* I am pleased to note that a spark-gap is provided 
across the secondary terminals of the author’s current 
transformers. Are these transformers made with silicon 
iron or with one of the special high-permeability alloys ? 

Were not some troubles experienced in obtaining films 
for the cathode-ray oscillograph which would stand tip 
to the high speed under the high electric stress which 
is employed ? 

It is most necessary that there should be real co¬ 
operation and collaboration between the various testing 
stations, so that a manufacturer or user may be sure 
of getting similar results from two or three stations when 
testing the same apparatus. 

Many years ago, when I was doing some work with 
oscillographs, one of the best spot lights was that ob¬ 
tained by using the old Nernst burners. 

The author mentions that the power factor on test is 
generally below 0-1. I am not sure whether this always 
gives the most severe test. I should like to know whether 
the author has carried out any tests with a power factor 
as high as 0-5. Such a value is possible on a large 
transmission system under fault conditions. 

Mr. H. H. Ryder: I should like to know why the 
author uses both current transformers and shunts. 

Also, with regard to the oscillograph, is there a control 
on the pendulum relay to trap the beam at the end of 
the operating sequence ? 

Regarding the actual generators and exciters, it seems 
that trouble is taken to maintain the IcYA in the breaker 
during a test. The driving motors, however, are switched 
off during a test. Why not leave them connected? 
According to the author the fall in speed is not great, 
and it would therefore seem that not too great a load 
would be thrown on the supply. To leave the motors 
connected would help to maintain the speed of the 
machines and presumably keep the power up. 

Mention has been made in this discussion of various 
lamps which have been tried for oscillographs. Fila¬ 
ment lamps when over-run to the extent mentioned by 
the author have a higher actinic value than normally, 
and would possibly be more effective than the Pointolite 
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lamp, without coming up to the standard of the arc lamp. 
In the Pointolite lamp the source of light is not of 
specially high temperatures like the arc. 

Mr. W. D, Redfern: Are the breakers always tested 
by being completely short-circuited on the load side ? In 
actual practice there may be some impedance not short- 
circuited on the load side which will affect the results. 
For example, in a breakdown on a 132 0'00-volt overhead 
line the arc-breaking capacity of a breaker depends 
upon other factors besides current .values. 

Mr. S. R. Arnot: Is there a means of varying the 
time-interval between tripping off the supply and 
applying the fault ? 

Mr. J. S. Cliff (in reply ): The very important question 
of the relation between the severity of short-circuits 
occurring in service and those obtainable in the labora¬ 
tory has been raised by Mr." Dundas and several other 
speakers. The factors which influence the severity of a 
test are, briefly, (a) current value, (b) recovery voltage, 
(c) power factor, (d) d.c. component of current, (e) natural 
frequency of circuit. Regarding (a), there is no diffi¬ 
culty in obtaining in the laboratory currents correspond¬ 
ing to any short-circuit up to 1 500 MV A. As regards 
(b), little reliable data has been published regarding the 
values of recovery voltages obtainable on modern inter¬ 
connected systems, but in general faults up to 500 MVA 
will have at least 95 per cent recovery voltage, this 
value tending to fall somewhat for higher-capacity 
faults. Up to 750-MVA 3-phase short-circuits it is 
possible to obtain in the laboratory a recovery voltage 
very nearly equal to that met with in service, but above 
that capacity a single machine, even when using super¬ 
excitation, cannot give a recovery voltage as high as a 
power-station circuit fed by several large generators. 
In general, however, owing to the relay time-delays on 
the power-station circuit the fault, persists for a longer 
time than on the test plant, and this lowers the service 
recovery voltage, so that even for faults from 1 000 to 
1 500 MVA the laboratory recovery voltage is probably 
not less than 75 per cent of the service value. Dealing 
with (c), by using the resistors in the laboratory circuit 
there is little difficulty in varying the power factor of 
the applied short-circuits over a wide range, the maxi¬ 
mum power factor being about 0-95 and the minimum 
about 0-03, depending upon the MVA. Tests at low 
power factor are more severe on the circuit breaker, and, 
as in service on the majority of systems full-power 
3-phase short-circuits have a low lagging power factor, 
rupturing tests are usually made with a power factor of 
less than 0-1. With reference to (d), the value of the 
d.c. component of current is controlled in the laboratory 
by selecting the point on the d.c. decrement curve at 
which the circuit-breaker contacts are opened. In 
service, owing to relay time-delays, it is probable that 
the value of the d.c. component in the current broken 
is ahvays low. Tests are therefore made in the labora¬ 
tory with d.c. components of less than 20 per cent. 
There is, however, the possibility mentioned by Mr. 
Fordham Cooper that a circuit breaker may commence 
to open on an earth fault limited by an earthing resistance 
and the fault develop into a full-power 3-phase short- 
circuit before the circuit is cleared, giving considerable 
d.c. component in the current broken. In order to 


imitate this occurrence in the laboratory the circuit- 
breaker trip is energized very early (possibly before the 
short-circuit is applied by the maker switch), so that 
when the arc contacts part there is a considerable 
percentage of direct current in the current. 

Factors ( b ), ( c ), and ( d ), namely recovery voltage, 
power factor, and d.c. component, control the amplitude 
of the restriking-voltage transient; factor (e), namely 
natural frequency of circuit, affects the time taken by 
the restriking-voltage transient to attain its maximum 
amplitude—the higher the frequency the faster the rate 
Of rise of voltage. The natural frequency of any circuit 
depends upon the relative magnitudes of the inductance 
and the capacitance. Now for the same value of short- 
circuit current the inductance of the service circuit will 
be„approximately the same as that of the laboratory 
circuit; hence the natural frequencies will be dependent 
upon the capacitance of the circuits alone—the smaller 
the capacitance the higher the natural frequency. Now, 
comparing the laboratory circuit with the usual power- 
station layout, it is obvious that the former with its 
very short air-spaced conductors must have considerably 
less capacitance to earth than the longer conductors, 
cables, etc., usually found on power systems; its natural 
frequency is therefore much higher, being about 60 000 
cycles per sec. for the standard 11-kV test circuit. The 
rate of rise of restriking voltage is not solely dependent 
upon the total circuit inductance, but is influenced by 
the proximity of reactance to the circuit breaker. It 
is thus possible to find circuit breakers located in service 
close to a reactor or transformer in which the rate of 
rise of restriking voltage is abnormally high, being even 
greater than is obtainable on the standard laboratory 
circuit. These conditions can be imitated in the labora¬ 
tory if necessary by mounting a portion of the circuit 
reactance in the test bay with the circuit breaker and 
using a connecting lead with the minimum capacitance. 
Portable reactors are available for special tests of this 
nature. In general, owing to the increased natural 
frequency of the laboratory circuit, even at high powers 
where the recovery voltage may be slightly lower than 
in service, tests are more onerous than corresponding 
short-circuits in the large majority of service locations. 

Reliable data concerning the recovery-voltage factors, 
natural frequencies, and rates of rise of restrildng voltage, 
obtained on representative supply systems, are very 
urgently needed so that a complete comparison can be 
made between service faults and laboratory tests. To 
measure the characteristics of a supply system involves 
either subjecting it to short-circuits and measuring with ’ 
a portable cathode-ray oscillograph similar to that used 
by the E.R.A.* the rates of rise of restriking voltage 
obtained, or making a section dead and measuring the 
natural frequencies with a frequency bridge or restriking- 
voltage indicator.! Both of these methods cause incon¬ 
venience to the supply authorities, but the information 
gained by such tests on representative systems would 
be invaluable to the industry. Tests of this nature will 
have to be carried out before a testing specification giving 
standardized severity conditions can be compiled. 

It is not so difficult as Mr. Atkins suggests to vary the 

* Engineer, 1936, vol. 161, p. 62. 

t H. Trencham and K. J. R. Wilkinson: Journal I.E.E., 1937, vol. SO, 
p. 460. 
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rate of rise of restriking voltage obtained in the labora¬ 
tory. By connecting condensers across the reactors it 
is possible to reduce the rate of rise to any degree; a 
bank of condensers has recently been installed in the 
laboratory described to enable tests to be made under 
conditions equivalent to differing service conditions, so 
that the effect upon the performance of various types of 
circuit breaker can be studied. 

Pneumatic operation of very large circuit breakers 
enables the closing delay to be made less than, with 
electrical operation (where the large closing solenoids, 
have a long time-constant), this being a considerable 
advantage for synchronizing purposes. The large closing 
pull required to close heavy-current circuit breakers 
against the electromagnetic forces produced on short- 
circuit can also be more easily obtained by compresse*d- 
air operation. Where a bank of circuit breakers is 
installed the cost of the necessary compressor is not 
important. In the present instance the design of circuit 
breaker most suitable for use as a master circuit-breaker 
embodied pneumatic operation, and the compressor was 
a necessary part of the installation for operating pneu¬ 
matic circuit breakers under test. 

The oil reservoir referred to by Mr. Longman is 
situated outside the machine room on the roof; the feed 
pipe is 3|- inches diameter, and runs down outside the 
building. There is a valve to cut off the oil supply in 
the event of a pipe breakage. The current transformers 
have silicon-iron cores. Photographic film of 0-003 in. 
thickness has been found to be quite satisfactory for 
the high speeds required in the cathode-ray oscillographs, 
and films seldom break provided they are carefully 
loaded, with due allowance for the contraction which 


takes place when the water vapour is removed by the 
vacuum. Both current transformers and shunts are 
not essential, but tfie metering is rendered more flexible 
by having both available. It is possible to dispense 
with the current transformers and to energize the field 
coils of the oscillograph power vibrators from voltage 
transformers, connecting the strip of the power vibrator 
in series with the current recording element supplied 
from the shunt. Tips, however, complicates the use 
of high-resistance potential dividers, which, as explained 
in the paper, are used to eliminate undesirable oscillations 
of the recovery voltage. The beams of the cathode-ray 
oscillographs are trapped after a preselected number of 
cycles by the pendulum timing controller. 

With regard t*o Mr. Ryder’s question of tripping out 
the driving motor before • applying the short-circuit, 
reference to Fig. 4 shows that, quite apart from the 
slowing-up of the rotor due to the short-circuit losses, 
the driving motor would be seriously overloaded by the 
increase of the field when super-excitation is used. 
The decrease in speed of the rotor is governed by the 
kijowatts absorbed in the short-circuit, which depend 
upon the power factor of the circuit and the resistance 
of the arc in the circuit breaker. Whereas on a success¬ 
ful test even at high power the fall in speed over the 
short-circuit time might be about 5 per cent, if the test 
were a failure the energy liberated in the resultant 
continuous arc might slow up the rotor by 20 per cent. 
No provision is made for varying the time-interval 
between tripping out the driving motor and applying 
the short-circuit; there is, however, an interlock which 
prevents the fault being closed while the driving motor 
is still connected. 


DISCUSSION ON 

“THE PROPERTIES OF A DIELECTRIC CONTAINING SEMI¬ 
CONDUCTING PARTICLES OF VARIOUS SHAPES ”* 


Mr. S. N. Ray ( communicated) : Has the author’s 
attention been drawn to a paper by H. H. Racef on the 
capacitance and loss variations with frequency and 
temperature in composite insulation? Race experi¬ 
mented with laminated synthetic resin with semi-con¬ 
ducting liquids in pockets, and also with semi-conducting 
liquids enclosed in quartz or glass tubes. He concludes 
that it seems probable that, in synthetic resin laminated 
products, semi-conducting materials in small insulated 
pockets or fibres can account for the observed charac¬ 
teristics and can be represented mathematically by the 
Maxwell—Wagner theory. My interest in this type of 
dielectric was aroused by the high values of tan 8 
obtained, these being of the same order as those for 
aluminium electrolytic condensers. 

Mr. R. W. Sillars (in reply) : The experiments 
described by Race, in the paper to which Mr. Ray refers, 
certainly support the idea that dielectric loss in composite 
materials is due, partly or wholly, to islands of volatile 

* Paper by Mr. R. W. Sillars (see page 378). 
t Transactions of the American I.E.E., 1933, vol. 52, p. 082. 

Vol. SO. 


conducting material. From the nature of Race’s dis¬ 
cussion and experiments, however, it would seem that 
conclusions from his paper can only be drawn in very 
general terms. There is no discussion of whether 
Wagner’s relations between the quantity and properties 
of the conducting impurity, on the one hand, and the 
magnitude and frequency range of the dielectric loss on 
the other, can represent “ mathematically ” the expert 
mental results. Indeed, Wagner’s equations do not 
appear in the paper. The only quantitative agreement 
between calculation and experiment was obtained from a 
simple model of two dielectrics in series in a concentric 
cylindrical condenser, and not from anything resembling 
either Wagner’s model or a real dielectric. The im¬ 
portance of extending Wagner’s model to include con¬ 
siderations of shape could not have been brought out by 
Race’s experiments with concentric condensers or with 
tubes of liquid placed perpendicular to the field, but 
the effects of fine conducting channels parallel to the 
field are bound to make themselves felt in actual 
insulators. 
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SUMMARY 

The paper describes an experimental investigation, for 
simple conditions of short-distance propagation, of fading 
control of radio signals by methods which rely on transmission 
being made on adjacent frequencies. It ha« been found that 
the frequency separation of the signals required for optimum 
fading control is determined by the path-difference*between 
the ground and sky rays and is independent of the mean 
frequency of the wave. ■ 

In general it is necessary to read messages on such circuits 
by observing the change in direct current in the detector 
at the receiver, since the audio-frequency components are 
uncontrolled. • 

Applications of the system of fading control are suggested 
in connection with ionospheric research, direction-finding, and 
broadcast telegraphy and telephony. 

The most satisfactory type of controlled transmission 
involves suppressed-carrier technique. The use of this system 
in short-distance propagation ensures that the night-time 
signal never falls below that due to the ground ray alone. In 
long-distance transmissions, to be described later, the effect 
of the control is to remove the deep troughs of fading. 
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( 1 ) INTRODUCTION 

« 

It is well known that it is possible to control the 
variations in intensity of radio signals in long-distance 
communication by combining the effects of two or more 
signals which have been transmitted on adjacent 
frequencies.* 

T. L. Eckersleyf has advocated the use of multi¬ 
frequency transmissions and has outlined a simple 
theory by which the optimum frequency separation can 
be calculated, it being shown that the path-lengths of 
the received sky rays determine this quantity. In the 
application of his system to the beam telegraphic 

I British latent No. 277426—1926 (Standard Telephones and Cables, Ltd.). 

t Journal I.E.E., 1929, vol. 67, p. 992. ‘ 
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services,* however, the true criterion of optimum fre¬ 
quency separation seems to have been overshadowed by 
the need for selecting frequencies whose separation was 
appropriate to the decrements of the tuned circuits in the 
receiver and to the telegraphic speed required. Under 
th£se somewhat arbitrary conditions, Wells found that a 
modulated carrier generally gave better results than an 
unmodulated one but that the reverse might be the case 
when the fading was slow. 

Somewhat similar partially satisfactory results must 
apparently have been obtained by Bohm,f since he came 
to the conclusion that better fading control could be 
achieved by wobbling the carrier frequency^; than by 
imposing amplitude modulation. 

It is therefore apparent that a satisfactory technique 
for communication on spaced frequencies has not yet been 
developed. The object of the present paper is therefore 
to investigate the problem more fully, beginning with 
short-distance propagation, in which the related iono¬ 
spheric effects are well understood. The extension of 
the method of fading control to long-distance propaga¬ 
tion can then be attempted with the help of a theory 
which has been verified under easily-regulated experi¬ 
mental conditions. 

Eckersley pointed out that the most obvious way of 
producing multi-frequency transmissions is to modulate 
the amplitude of the carrier wave at an audible frequency, 
thus producing two side-bands equally spaced from the 
carrier. Investigation of this arrangement, however, 
which the present authors have called “ system (a),” has 
disclosed the fact that complete control of fading is not 
possible with simple amplitude modulation. One of the 
conditions for optimum control is that the carrier should 
be modulated to a depth of 100 per cent, and, even when 
this somewhat exacting requirement is fulfilled, it is 
found that the fading fluctuations cannot be reduced to 
less than one-third of their normal value. Theory and 
experiment agree on this point, but it has been found 
that full control of fading can be achieved if the carrier 
is suppressed at the transmitter and only the two side¬ 
bands are emitted. 

Suppressed-carrier technique, referred to in this paper 
as system (&)/’ has been used in preference to system (a) 
throughout the authors’ recent long-distance experiments. 


(2) THEORY OF SYSTEM (a) 

In the modulation arrangement of T. L. Eckersley, a 
carrier wave of angular radio frequency a> r is modulated 
to a depth Q at an angular control frequency co q . Three 


, Marconi Review, July and September, 1930. 

t Telefunhen Zeitschrift, 1929, vol. 10, p. 9 
I Patent No - 314343—1928 (Telefunken Gesellschaft), 

Radio"Cummunicatioi?” ?,£° f PhaSe ’ Fading in 
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waves are emitted at angular frequencies co r , (to r 4 
(to r — oj q ), and the signal at the receiver due to the 
ground wave alone is, in the case of short-distance 
propagation, 

e g = e 0 jsin co r t + “[sin (co r + co q )t 4 sin (u> r — co q )t 

= e 0 (l -j- Q cos co a t) sin . (1) 

where e 0 is the vertical electric foxxe in the ground wave. 
The signal due to the sky wave is, after allowing for 
reflection at the ground, ' 

e s — 2e s sin (co r f + 8) + 2 <=sij{ s * n [(^h 10 q)^ + ^ ] 

+ sin [(a> r - oj q )t + 8"]} . (?) 

where € s is the vertical component of electric force in the 
sky ray and 8, 8', 8", are the phases between ground and 
sky rays of angular frequencies co r , (cu r + co q ), (to r — co Q ) 
respectively. 

In order to evaluate the phases .we make use of the 
following considerations. If D is the optical path- 


difference between ground and sky rays 
frequency co r , it is known that 

at an 

angular 

6 = — to } -D/c . 

• • 

. (3) 

where c is the velocity of propagation. Hence at angular 
frequency (cu r 4 a>„) the phase difference is 

8' = 8 + * • 
cLojy 

• 

. (4) 

dd 1/ , dD\ 

But — =-5 + oj r -—) ss - 

d<x> r c\ da) r J 

D' 

■*“ • 
c 

.. (5) 


where D' is the equivalent* path-difference between 
ground and sky rays. If we now defii 

X ~ ~ u q D'lc . 
we have conveniently that 

8' = 8 + x \ 

and 8" — 8 — xi 

Expression (2) for the sky-ray signal at the receiver then 
reduces to 

e s — 2e s [l + Q cos (to,/ + %)] sin (co r t + 6) . (8) 

and then the combined signal due to ground and sky 
rays is 

« = f 0 (l + Q cos oiqb) sin co r t 

+ 2<= s [l + Q cos (co q t -|- sin (a > r t + 8) . (9) 

If the receiver includes a square-law detector, the d.c. 
component of the change in anode current is propor¬ 
tional to 

(e* + 4e f) ( 2 + £ 2 ) 'I' 4c 0 ,e s (2 + Q 2 cos X ) cos 8 . (10) 

There are also audio-frequency components of current 
in the detector circuit but their consideration will be left 
to a later section. As to the d.c. component, it is apparent 

* See E. V. Appjjston: Proceedings of the Physical Society, 1928, vol, 41, p. 48, 
for a discussion of optical and equivalent paths in an ionized medium. 


■ ( 8 ) 

• (7) 



that fading fluctuations in it are chiefly due to variations 
of cos 6 and, to a lesser extent, to intensity changes of 
Hence any adjustment of the modulation frequency which 
will make the second term in ( 10 ) small will improve the 
constancy of signal. The condition for fading control is 
therefore seen to be that 2 + Q 2 cos y should have a 
mimimum value,:»and this occurs when 

Q = 1 and cos X = — 1 . . . (11) 

leading to a value of the modulation frequency for fading 
control given by 

Stl _ ^ + !> ■ 3. .... ( 12 ) 

27r 2 I) K 1 


where n is an infteger. The control frequency is there¬ 
fore determined by the single variable D' and is inde- 
pendent'of the mean frequency of the wave except so 
far as D' is a function of co r .* 

A deduction to *be made from (12) is that the odd 
harmonics of the fundamental control frequency are also 
effective for fading control. This property of the system 
will be discussed? later, since it may be important in 
telephony. 

If we now define, for convenience, 


a — 2e 4 /e 0 .(13) 


as a measure of the relative intensities of the ground and 
sky rays, and also 


A = 


I 


max. 


i 


mm. 


7 2 p 

a max, i M t 


mm. 


(14) 


as the amount of fluctuation in amplitude of the signal, 

o Q 

where I max. an d I min. are respectively the maximum and 
minimum values of the detector current, then we have 


2 a (2 + Q 2 cos X ) 
= (1 + a 2 ) (2 ,+ Q 2 ) 


After imposing the conditions (11) for fading control, 




* 


2a 


(16) 


On the other hand, for an unmodulated wave, where 
Q = 0, we have 

2 a 

Au — T~] * ’ • • * (1^) 

I -p Cl 

so that the controlled fluctuations are reduced to one- 
thirdf of those which would have been experienced with 
an unmodulated wave. 


(3) EXPERIMENTAL INVESTIGATION OF 
SYSTEM (a) 

The mean frequency of the signals in the short-distance 
investigation was 1-46 Me. (A = 207 metres). The greater 
part of the work was carried out with artificial fading 
produced by Appleton-Barnett frequency-changes, $ but 
a number of check records were obtained with natural 

* For values of fr close to the critical penetration frequency of an ionospheric 
region there will, of course, be rapid variations of fq with changes in f r . In 
practice, however, no confusion arises and it is sufficient to specify one value 
of fq for waves which are reflected from the E region and another for those from 
the F region. '. . 

t The authors are indebted to Dr. D. F. Martyn for pointing this out. 
f Proceedings of the Royal Society, A, 1925, vol. 109, p. 621. 
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fading. The receiving station was at Liverpool (New 
South Wales), distant 25 km. from the transmitter at the 
University of Sydney. By using tine frequency-change 
technique it was possible to measure simultaneously the 
amplitude of the fading and the path-difference between 
ground and sky rays and thus to check the formula 
relating the control frequency with D{. In addition, it 
will be realized that a considerable saving in time was 
effected since it was not necessary to wait for naturally- 
occurring changes in the path of tlie sky ray. 

The transmitter details need not be enumerated here 
beyond saying that the master oscillator was fitted with 
automatic frequency-change apparatus by means of 
which the frequency of the carrier could be varied con¬ 
tinuously through a small range of th<S order 10 kc. A 
complete cycle of two freqjiency-changes took place in 
6 sec.* In system {a), modulation was iinposad in the 
last amplifying stage using the Heising principle, and the 
depth of modulation was adjusted tft about 95 per cent 
with the help of subsidiary ca^hode-ray-tube apparatus. 



(i) 


Controlled 



Fig. 1.—Dependence of control frequency on path-difference 
between ground and sky rays, system (a). Artificial 
fading produced by Appleton-Barnett frequency-changes. 

(i) E region: 4*3fringes corresponding to D' = 215 km., for which the control 
frequency was 800 cycles. The fading was reduced from about 00 per 
cent to 20 per cent. 

(ii) F region: 7 • 8 fringes corresponding to D' = 300 km., for which the control 
frequency was 300 cycles. 


The receiver was a 2-stage tuned radio-frequency 
amplifier with means for obtaining flat tuning over the 
20 -kc. range covered by the transmissions, and was 
followed by a balanced square-law detector, j For some 
later work a second detector was added to measure the 
intensity of the audio-frequency components in the anode 
current of the first detector. Photographic registration 
was employed throughout the investigation, with a 
’Cambridge Einthoven galvanometer. 

Fig. 1 shows some typical results obtained with 
system ( a ). Record (i) is for the period when sky rays 
were being reflected from the E region, and record (ii) 
from the F region. The uncontrolled fading was in both 
cases about 60 per cent [see expressions (14) and (16)], 
and this was reduced to about 20 per cent by the addition 

* When the path of the sky ray is varying rapidly owing to changing con¬ 
ditions in the ionosphere there will be a difference in the number of fringes 
produced by increasing and decreasing frequency-changes (see E. V. Appleton: 
Proceedings of the Physical Society, 1930, vol. 42, p. 321). Hence, in the repro¬ 
ductions of photographic records in this paper, the authors have usually included 
a.complete cycle of two frequency-changes, and taken the average, for the 
purpose of calculating D'. 

f E. V. Appleton and A. L. Green : Proceedings of the Royal Society, A, 1930, 
vol. 128, p. 159. 


of control modulation at a frequency of 800 cycles in the 
first case and 300 cycles in the second case. No attempts 
were made, at this stage, to find with great accuracy the 







Time, sec. 


Fig. 2.—Investigation of correct modulation frequency for 
optimum fading control in system (a) and for E-region 
reflections. 

£ ec ° r , d .V •• •• (i) (ii) (iii) (iv) (v) (vi) (vii) 

Modulation frequency .. 250 400 GOO 800 1 200 1 800 2 500 

Uncontrolled fading (per cent) 58 44 50 57 62 44 35 

Controlled fading (per cent) 38 22 16 14 14 28 10 

The optimum frequency was calculated to be 910 cycles for an E-region 
height of 95 km. 

modulation frequency which gave the best control, but it 
will be seen that roughly it was inversely proportional to 
the path-difference between ground and sky rays, in 
accordance with the theory. It is of interest to notice 
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that one of the effects of the control is to emphasize the 
presence of subsidiary sky rays, this effect being most 
noticeable in record (ii). 

Fig. 2 is a summary of a more detailed investigation 
of the frequency of modulation required for optimum 
fading control. All of the records were obtained between 
3.30 p.m. and 5.30 p.m. (E.S.T.) on the 17th July, 1934, 
during a period when the height of the E region varied 
from 95 to 107 km. In all cases the procedure adopted 
was to record a series of frequency-change signals from 
an unmodulated carrier, followed by modulated signals. 

In record (i), the modulation frequency was 250 cycles* 
and the amount of control was small, the fading being 
reduced from 60 to 40 per cent. Thereafter, in records 

(ii), (iii), (iv), and (v), the frequency of modulation was 
respectively 400, 600, 800, and 1 200 cycles, and the 
degree of control reached a broad maximum in (iv) and (v). 
In record (vi), when the modulation was 1 800 cycles, the 
control became weak, but, with a further increase in fre¬ 
quency to 2 500 cycles in record (vii), a second region of 
good control was reached. 

Owing to variations in the ionospheric conditions it was 
not possible to determine the optimum control frequency 
with very great accuracy, but it is apparent from the 
records that it was approximately 1 000 cycles. For com¬ 
parison, the theory given above requires an optimum- 
frequency of 910 cycles to correspond with an E-region 
height of 95 km., this height being close to that observed 
during the tests (iv) and (v). Records (vi) and (vii) were 
therefore taken when the modulation frequency was 
respectively twice and three times the fundamental 
control frequency, so that we have a verification of the 
prediction that the odd harmonics of the control fre¬ 
quency are also effective in reducing fading. 

The degree of control was actually somewhat better 
than could have been expected from the theory. The 
greatest reduction in fading should have been to but 
in records (iv) and (v) the ratio was closer to J-. In view 
of the admitted difficulties of obtaining true comparisons 
of the modulated and unmodulated signals under strictly 
comparable ionospheric conditions, however, it is not 
thought that the small difference between theory and 
experiment is of significance. 

The conclusions to be drawn from the investigation of 
system (a) are:— 

(i) The conditions for optimum fading control are as 

given by the theory, i.e. 100 per cent modulation 
of the carrier at a frequency which satisfies the 
relation cos x — — 1 . 

(ii) The control frequencies appropriate to short- 

distance propagation are approximately 850 and 
350 cycles respectively for normally-occurring 
ionospheric heights of about 100 and 220 km. 
The control frequency is sensibly independent 
of the mean frequency of the wave. 

(iii) The odd harmonics of the modulation frequencies 

are also available for the purpose of reducing 
fading. 

(iv) The adjustment of the control frequency is not 

very critical and, conversely, normally-occurring 
minor variations in the ionosphere do not affect 
appreciably the degree of control. 


(v) It is not possible to obtain complete control of 
fading with system (a), the optimum to be 
expected being a reduction of the fading fluc¬ 
tuations tc? one-third of normal. 


(4) THEORY OF SYSTEM ( b ) 

There are twoj properties of the system (a) type of 
modulation which are, in practice, undesirable. The 
first of these is the necessity to maintain very deep 
modulation, and the second that absolute control of the 
fading cannot b'e achieved even when the adjustments 
are correctly made. Both of these disadvantages can 
be avoided by suppressing the carrier at the transmitter. 
In suppressed-carrier technique only the modulation 
side-bands are eiAitted and the signal at the receiver due 
to the ground wave is, following ( 1 ), 

% ~ |e 0 [sin (co r + coq)t -f sin (oj r — cu a )«] . (18) 

= e 0 cos oSgt sin oj r t .(19) 

Similarly, by analogy witfi (8), the sky-ray signal is 

a &s = COS {(JOqt -j~ x} sin ( COft -f- 0) . . (20) 

so that, after square-law detection, the d.c. components 
are proportional to 

e 2 + 4e| + 4e 0 e s cos x cos 9 . . . ( 21 ) 

which is to be compared with (10) for system (a). As 
before, consideration of the audio-frequency components 
will be deferred. The only conditions for controlling 
fading in system ( b ) are obviously such that the 
equation 

cos x == 0 .( 22 ) 

is satisfied. The depth of modulation at the transmitter 
is no longer a criterion of control, and its amount is only 
of importance in determining the excitation of the ampli¬ 
fying stage which follows the suppressing unit. 
Expression (22) may also be written in the form 


c Oq -f- 1 ) c 

2rr = 4 D' * 


(23) 


to be compared with ( 12 ) for system (a). The factor 2 
which differentiates (23) from (12) expresses the fact 
that, in a suppressed-carrier transmitting system, the 
frequency separation of the two emitted waves is double 
that of either side-band from the carrier in system (a). 
Flence, in what follows it will be understood why the 
control frequency for system ( b ) is one-half of that for 
system (a) for the same ionospheric conditions. 

The amplitude of the fading fluctuations in system (b) 
reception is, in general. 


A = 


2 a cos x 
1 -|-a 2 



When the modulation frequency is such that cos % == 1, 
the fading is unaffected by the modulation, whereas, 
when cos y = 0 , the phase fading should be completely 
controlled. There will, however, remain some fluctua¬ 
tions hi the signal caused by variations in the intensity 
of the sky ray, but it is clear that the signal can never 
fall below that due to the ground ray alone. 
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(5) EXPERIMENTAL INVESTIGATION OF 
SYSTEM (&) 

In the main, the details of these experiments were very- 
similar to those described for system (a), since it was 
thought desirable to repeat the whole of the previous 
work in order to obtain a comparison of the two systems. 

As before, artificial fading was produced by wobbling 
the frequency of the master oscillato*r. In system (&), 
however, the carrier was next passed to the suppressing 
unit, the relevant details of which are shown in Fig. 3. 
From the diagram it will be seen that the carrier is in 
phase at the grids of the two tubes, whereas the modula¬ 
tion is applied in push-pull. The anode circuit common 
to the tubes presents negligible impedance to audio 
frequencies and it balances the effects, of the carrier, so 
that the resultant output consists only of the two 
side-bands. * . 

Fig. 4 shows a summary of the results obtained with 
artificial fading and system ( b ). Reqprds (i), (ii), (iii), and 
(iv), were attempts to adjust the modulation frequency 
respectively to the fundamefital frequency and to its 
2nd, 3rd, and 4th harmonics. Records (v), (vi), and (vii), 
are for the 9th, 10th, and 11th harmonics of the control. 



Fig. 3.—Carrier-suppression unit. The modulation is applied 
to the tubes in push-pull, but the radio-frequency carrier 
is in phase at the two grids. The anode circuit presents 
negligible impedance to the audio frequencies and the 
carrier is balanced out, so that the output consists only 
of the two side-bands. 

Owing to changes in the ionosphere taking place during 
the period of the observations, it proved to be difficult to 
get strictly comparable conditions for the successive 
experiments. For example, the measured E-region 
heights in cases (v), (vi), and (vii), were respectively 111, 
106, and 108 km., and the corresponding calculated 
fundamental control frequencies 380, 400, and 390 cycles. 
This fact will serve to explain why the modulations 
actually used—3 400, 4 000, and 4 200 cycles—did not 
differ by a constant amount' in frequency although they 
were appropriate to the ionospheric conditions in force 
at the moment that each record was taken. 

Record (i) in Fig. 4, showing a reduction in the uncon¬ 
trolled fading from 60 per cent to 4 per cent by the 
addition of control modulation at a frequency of 
380 cycles, should be compared with the correspon din g 
system (a) records in Fig. 2, in which case the greatest 
degree of control was from 62 to 14 per cent. 

Records (ii) and (iv), for the 2nd and 4th harmonics, 
show very little reduction in fading, the uncontrolled 
being about 80 per cent and the controlled about 
70 per cent. 

Record (iii) proved to be rather a poor attempt at 
adjustment to the 3rd harmonic owing to a sudden drop 
in the E-region height from 127 to 120 km. However, 


the ratio of the modulation frequency actually used to the 
true fundamental frequency was 2-7, and this is suffi¬ 
ciently close to the 3rd harmonic to show the expected 
control of fading, from 78 to 20 per cent. 

Records (v), (vi), and (vii), are of unusual interest in that 



Time, sec. 

Fig. 4.— 1 Variation of degree of fading control with frequency 
of modulation in system (b), 

Record .(i) (ii) (iii) (iv) (v) (vi) (vii) 

Modulation frequency .. 380 700 950’ 1 200 3 400 4 000 4 200 

Uncontrolled fading (percent) 58 78 78 85 52 39 59 

Controlled fading (per cent) 4 68 20 72 6 32 9 

The fundamental control frequency was calculated to be 328-400 cycles for 
the range of E-region heights (106-127 km.) observed during these tests. 

the modulation frequency was so high that the audio¬ 
frequency components manufactured in the detector 
were nearly supersonic, e.g. in the last case 8 400 cycles. 
The possibility of using the high harmonics in the control 
of telephonic transmissions has been mentioned before. 
The reduction of fading in record (vii) was from 60 to 
$ per cent, but it must be admitted that a very small 
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ionospheric disturbance would have markedly affected 
the degree of control. 

Fig. 5 is a summary of the records of controlled'natural 
fading, (i) and (ii) for the E region, (iii) and (iv) for the 
F region; the control frequencies were respectively 380 
and 160 cycles. In the four records the uncontrolled 
fading was always severe, the greatest fluctuations being 
respectively 78, 95, 95, and 92 per cent. The correspond¬ 
ing controlled records had fading fluctuations of 10, 31, 
47, and 36 per cent. It is by no means certain that «the 
residual fading was due to phase interference, however, 
and it seems likely that the greater part of it was causefl 
by intensity changes in the sky ray. This conclusion is 


(iv) The adjustment of the fundamental control fre¬ 

quency for optimum reduction of fading is not 
critical, but the process becomes increasingly 
difficult With higher harmonics. 

(v) Theoretically it is possible to obtain control of 

phase fading to any desired degree. The best 
experimental result was a reduction of fading 
from 60 per cent (uncontrolled) to 4 per cent. 

(6) FADING OF, AUDIO-FREQUENCY COM¬ 
PONENTS IN SYSTEM (a) 

The method of reception used throughout the tests has 
been a galvanometric one, and it has been tacitly assumed 



Fig. 5. —Control of natural fading with system (b). 

Records (i) and (ii).—Typical E-region results, control frequency 380 cycles. 
Records (iii) and (iv).—Typical F-regioa results, control frequency 1G0 cycles. 


strongly supported by an examination of earlier records 
taken on the same afternoon from which the intensity 
of the ground ray can be estimated. With the help of 
these earlier records it is possible to infer that the con¬ 
trolled signal did not fall below the ground-ray level, and 
hence it is probable that the residual fading was due to 
variations of 4e 2 . 

S 

The conclusions to be drawn from the investigation of 
system ( b ) are:— 

(i) The condition for optimum fading control is, as 

given by the theory, cos % = 0. 

(ii) The modulation frequencies appropriate to short- 

distance propagation are half those specified for 
system (a). 

(iii) The odd harmonics of the control frequency, at 

least as high as the 11th, are effective in reduc¬ 
ing fading. 


that the application of the two systems of fadiug control 
to circuits carrying messages would be on similar lines— 
for example, by inserting a d.c. relay into the anode 
circuit of the detector. It is, however, obvious that 
there must also be audio-frequency components of the 
signal in the output of the detector, and it is a matter 
for investigation whether these sounds are controlled as 
to fading. Listening to the signal certainly gives no 
indication that they are controlled a,nd, in fact, further 
experimental work has led to the conclusion that it is 
the d.c. component alone which is useful for carrying 
messages. 

The signal at the grid of the square-law detector is, 
according to (9), 

e — e 0 (l -f Q cos aj q l,) sin co r t 

+ 2e s [l -f Q cos [oj q t -f x )] sin (°M + $) 
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After detection, the audio-frequency, components in the 
anode circuit are proportional to 


e|(4Q cos c o q t -f Q 2 cos 2<jo q t) , 

+ [ 4 Q cos (oj q t -f x) + Q 2 cos 2(o )gt + x)] 

+ 4e 0 e s cos 6 4Q cos % cos ^ co q t -f 

+ <9 2 cos (2o)^ -f x) 


■ (25) 


there being notes of angular frequency co q and 2 co q . The 
intensity of these audio-frequency components was 
experimentally measured by inserting a transformer into 
the detector anode circuit and connecting an additional 
detector to the secondary winding. The galvanometer 
was then transferred to the anode circuit of the 2nd 
detector. • 


Using the abbreviation a — 2e s /e 0 , the galvanometer 
deflection is proportional to 


16^[(1 __ a 2)2 _j_ £ a(a + cos 0J (I -j- a cos 9) 

(1 + cos + $ 4 ( =q[( 1 — a 2 ) 2 -f- 4q(l — a) 2 cos 6 cos x 

+ 4a 2 (cos 6 -{-"cos x) 2 ] • (24) 


apparent contradiction with our experimental work, but 
the anomaly is removed by closer consideration of (28). 

It will be remembered that it is always a matter of 
some difficulty to adjust the modulation frequency 
exactly to the ionospheric conditions prevailing at any 
moment. Consequently, the important quantity to be 
considered is the degree of fading control which it is 
possible to obtain when the modulation frequency differs 
from the true control frequency by some small amount. 
In ihat case it may be shown, by making the substitution 
a —> 1« in (28), that the fading tends to 100 per cent 
under the usual experimental conditions of approximate 
equality of ground- and sky-ray intensities. It is there¬ 
fore easy to see why, in practice, the adjustment for 
control of the audio-frequency components was never 
exactly realized. 

I'here is an even more serious objection, however, to 
the use of the audio-frequency components. From (28) it 
follows that the mean intensity of these components is 

l mar -± Imin - = (1 - a 2 ) 2 + 4a 2 (l + cos X ) ■ (29) 

and this tends to zero when cos x — 1 and a —> 1. 



Fig. 6.—Fading of the audio-frequency components in system (a). 

Record ° f detector output with fading of audio-frequency components as measured by a second detector 

Kecora (u). variation of mean intensity of audio-frequency components with a change in the intensity of the sky ray. * r 


Usually it will be valid to neglect the term containing 
Q* which has been produced by the 2nd-harmonic dis¬ 
tortion of the 1st detector. Fading fluctuations in the 
audio-frequency components are then determined by the 
maximum and minimum values of expression (26) rela¬ 
tive to variations of 6, and we have 


1-max, y. (1 — cr) 2 -f- 2q(l -f- o) 2 (l -J- COS x) 1 
-I/nin. y (1 — d 2 ) 2 — 2q(l — q) 2 (l -f cos x) J * 


s<3 that. 


^2 


Imax, Imin. __ 2a(l -f- q 2 )(l -f- cosy ) 
Imax, + Imin. ( 2 “ « 2 ) 2 + 4q 2 (l -f cos x) 


( 28 ) 


On putting in the condition for fading control of the d.c. 
component, cos ^ = - 1, it would appear that A 2 = 0, 
independently of the depth of modulation at the trans¬ 
mitter. Hence, it would seem that a greater degree of 
fading control could be achieved in the case of system (q) 
by using the audio-frequency components in preference 
to the d.c. change in detector output. This result is in 


Hence this study of the audio-frequency components in 
system (a) leads to the following predictions:— 

(i) Unless the fading-control condition is very exactly 

fulfilled, the fading is always considerable under 
the normally occurring experimental condition 
of approximate equality of ground- and sky-ray 
intensities. 

(ii) When the fading control is approximately adjusted 

and when the ground- and sky-ray intensities are 
nearly equal, the mean intensity of the audio¬ 
frequency components tends to zero. 

These two points are illustrated in Fig. 6. In record (i) 
there is a comparison of the residual fading of the d.c. 
components as measured by the galvanometer in the 1st 
detector, with the residual fading of the audio-frequency 
components as estimated by the 2nd detector. Although 
only one complete cycle of frequency-changes is shown 
for the 1st detector, it may be stated that it is a fair 
sample of the remainder of the record from which it was 
taken and that the residual fading was always about 
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25 per cent. On the other hand, the amount of the 
residual fading of the audio-frequency components varied 
very rapidly. In the 30 seconds occupied by the part of 
the record reproduced, the fading varied from 15 to 60 
per cent, this being typical of other results obtained with 
the audio-frequency components and confirmatory of 
prediction (1) above. 

In Fig. 6 (ii) there is shown a very good example of 
a sudden increase in intensity of the sky ray producing 
a marked drop in the mean intensity of the audio¬ 
frequency components. At the beginning of the. record 
the mean intensity was high and the amount of fadiftg 
about 20 per cent, whereas only 30 seconds later the mean 
intensity had fallen to one-eighth of its former value and 
the fading had increased to 80 per cent. 

Both records of Fig. 6 were taken at a time when the 
sky ray was being returned from the E region, for which 
conditions the modulation frequency was 800 cycles. 

The conclusions to be derived from this section are 
therefore in accordance with predictions (i) and (ii) above. 

(7) FADING OF AUDIO-FREQUENCY COMPONENTS 
IN SYSTEM ( b) 

From (19) and (20), the signal at the grid of the detector 
is proportional to 

<=o cos io Q t sin co r t -f- 2e s cos (co a t -|- x) sin (oj r t -j- 6) . (30) 

After detection, the audio-frequency components in the 
output circuit are 

e 2 cos 2a ) q t -j- 4e2 cos 2(a) Q t -f 

-F 4e 0 e B cos 6 cos (2 ojgt + x) • (31) 

which consist entirely of notes of angular frequency 2oj q . 
After adding the 2nd detector and transferring the 
galvanometer, the signal is proportional to 

<=*{ 1 -f a 4 + 2a 2 cos 2d 

-f~ 4a cos x[a cos % + (1 -|- a 2 ) cos 0]} . (32) 

In system (b), the condition for fading control of the d.c. 
components is cos x — 0, so that, with this satisfied, the 
intensity of the audio-frequency components is propor¬ 
tional to 

1 -f a 4 + 2a 2 cos 26 ... . (33) 

and the residual fading is determined by 


From (33) and (34) we may predict that:— 

(i) Owing to the effect of the term containing cos 26, 

the rapidity of fading is just double that of an 
unmodulated wave. This happens only when 
the condition for fading control of the d.c. 
component is exactly satisfied. 

(ii) The fading of the audio-frequency components is 

completely uncontrolled. 

These conclusions have been experimentally verified, 
and a summary of the results obtained is given in Fig. 7. 
In record (i) the residual fading of the d.c. component is 
shown on the right-hand side of the diagram and is about 


4 per cent. The.fading of the audio-frequency com¬ 
ponents varied from 65 per cent at the beginning of the 
record to about 40 per cent at the end and, in addition, 
there was a marked drop in the mean signal during the 
same period. From expression (33) it is seen that the 
mean intensity of the audio-frequency components is 
proportional to (1 -f- a 4 ), so that the decrease in mean 
intensity show*, in record (a) is to be attributed to a 
decrease in the intensity of the sky ray. 

Records (ii), (iii), (iy), and (v), show the gradual develop¬ 
ment of spurious secondary fringes, due to the term in 
(33) which contains cos 26. In every case the correspond¬ 
ing lst-detector signals are shown on the right-hand side 
of each record. In them there are no signs of secondary 
fringes, and therefore the possibility can be ruled out of a 
doubly-reflected, sky ray being present at the time and 
producing true subsidiary fringes. 

The graph shows the variation in equivalent height of 
the E region during the period of the tests. At the time 
that record (i) w*as obtained the equivalent height was 
97 km., rising to 125 km. for record (vi). The steady 
increase in height, which is known to occur frequently 
*it this time of*the day, was utilized for the purpose of 
adjusting D' exactly to the control frequency. Through¬ 
out the afternoon the modulation remained at 400 cycles 
and, when the height reached 106 km. at 5.10 p.m. and 
record (v) was obtained, the primary fading was com¬ 
pletely controlled and only the spurious subsidiary fringes 
remained. Later in the afternoon, when record (vi) was 
taken, the ionospheric conditions had become sufficiently 
out of step with the control frequency for the primary 
fading again to have taken charge. 

One other point should be stressed. Throughout the 
development of this cycle of changes in the fading of the 
audio-frequency components, the appearance of the 
lst-detector records remained substantially unchanged. 
In no case did the fading of the d.c. component exceed 

5 per cent, although the value of D' varied considerably 
during the course of the afternoon. This shows that the 
adjustment of the control frequency is by no means 
critical in the case of the d.c. component, but extremely 
so for the audio-frequency components. 

The conclusions to be derived from this section are 
therefore in accord with predictions (i) and (ii) above. 

(8) AN APPLICATION TO IONOSPHERIC 
RESEARCH 

Fig. 8 shows a phenomenon, which was mentioned 
earlier in this paper, wherein it sometimes happens that 
the suppression of the main sky-ray discloses the presence 
of an unsuspected subsidiary ray. , 

Now it is well known that accurate measurements, by 
the Appleton-Barnett frequency-change method, of 
polarization and lateral deviation of the main sky-ray 
are impossible if the subsidiary rays are strong.* When 
the subsidiary ray exceeds a certain threshold intensity 
its presence may be detected by the appearance of 
“ kinks ” on the main fringes j- and usually it is necessary 
to reject all such records when precise measurements are 
required. However, fading-control technique now pro- 

* See J. A. Ratcliffe and J. L. Pawsey: Proceedings of the Cambridge Philo¬ 
sophical Society, 1933, vol. 2 9, p. 301; also D. F. Martyn and A. L. Green: 
Proceedings of the Royal Society , A, 1935, vol. 148, p. 104. 

f E. V. Appleton: Proceeding.'! of the Royal Society, A, 1930, vol. 120, p. 542. 
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vides an additional test of the purity .of the main fringes 
which may be used even when the subsidiary ray is below 
the threshold value. 

In Fig. 8 the amount of the frequency-change is only 
4 kc., so that the 2 • 6 fringes in record (i) indicate an 


occurred, and both controlled and uncontrolled records 
show the F-region fringes. 

The theory of this effect is as follows. Using the 
subscripts 1 and 2 for the' two sky rays, the signal at the 
receiver is, in system (b) transmissions, 






Fig. 7.—Fading of the audio-frequency components in system (b). 


W-~^?.P 1 P? r f 0 , n , of , r ® sid, l?; 1 fading of audio-frequency components, 2nd detector, with controlled fading of d c component in 1st dMor-w 
Records (u), (in), (iv), (v), (vi).—Development of subsidiary fading with precise adjustment of fading control component m 1st detector. 

The graph shows the variation of E-region height during period of tests, the points marked a-f corresponding to records (i)-(vi) above. 


+ 2e 2 cos (a > q t + y 2 ) sin (co r t + 6 2 ) . (35) 


E-region height of 110 km. After the main sky-ray has e 0 cos a > a t sin co r t -f 2e, cos (coJ -f y.) sin (cod 4- 9 ) 

been suppressed, by using a control frequency of 
400 cycles, there appear on the record about 6 fringes 
for an F-region height of 237 km. In record (ii), the 
presence of the F sky-ray is also exhibited in the sub- where 
sidiary fringes appearing on the main fringes; and, after 
suppression, the F fringes proper are seen to have in¬ 
creased in amplitude. In record (iii) the jump has 'q, 2 


6 
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(36) 
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After square-law detection, the d.c. component in the 
anode circuit of the detector is proportional to 

“I" 4e- -|- 4e~ + 4 cq€ 1 cos0 1 cos^ 1 -j- 4e 0 e 2 cos@ 2 cos^ 2 

+ Se 1 eoCOs(9 2 -d 1 )cos( X 2- Xl ) ■ (37) 

In the experimental case considered above, the path of 
the F sky-ray was approximately double that of the 
E-region ray, i.e. Z> 2 ~ 2D r In addition, ^ 2 cr 2^ 1 and 
the condition for control of the E ray is cos Xi == 0, so 
that the signal remaining is 

e 2 _j_ 4 e 2 _|_ 4e| — 4e 0 e 2 cos 9 2 . . ($8) 

It follows that the fringes corresponding to the main ray 
have been suppressed, but there is an increase in the 
mean intensity of the signal due to the term 4 e 2 . ^ j n 



I_!_L 

0 5 10 


Time, sec. 

Fig. 8.—Suppression of sky ray from E region in favour of 
one from F region. In record (iii), the jump to the F 
region had occurred, and both the controlled and the 
uncontrolled transmission gave the same result. 

practice, therefore, estimates of the intensity of the 
subsidiary ray will be in error unless this effect is 
allowed for. 

For Fig. 8(i), where the main fringes are smooth and 
the only indication of the presence of the subsidiary sky- 
ray is a slight rounding-off at the apices of the main 
fringes, it can be calculated that 2^/cq = 0-36. From 
the suppressed record in Fig. S(i) it may similarly be 
calculated that 2e 2 /e 0 = 0*04. Hence it follows that 
ejto — 9 for a case in which no " kinks ” appeared on 
the main fringes. In record (ii), where the subsidiary 
fringes are clearly discernible on the uncontrolled 
signals, 2e 1 /e 0 = 0-29 and, from the controlled signals, 
2e 2 /e 0 = 0-11. I-Ience in this case e,/e 2 = 2-6, and the 
appearance of kinks on the main fringes is associated 
with a subsidiary ray whose intensity is somewhat greater 
than one-third of the main ray. 

In record (iii), where the E sky-ray has disappeared, the 
ratio of controlled to uncontrolled F-region signals is 
about 0 • 8, thus verifying that the effect of the control on 
the F ray is small. 


Another way of looking at this effect is to remember 
that, when D 2 — 2 D lt the control frequency suitable for 
the E ray is equjtl to the 2nd harmonic of that which 
would control the F ray. The experimental results of 
previous sections then show immediately why it is possible 
to suppress the one ray without markedly affecting the 
other. Conversely, it follows that it is not possible to 
suppress the subsidiary ray without reducing the ampli¬ 
tude of the main fringes. 

• 

(9) APPLICATION TO DIRECTION-FINDING 

It is well known that a simple loop direction-finder 
suffers from night effect, the manifestations of which are 
blurred minima accompanied by large errors in the 
apparent bearing. These errors are greatest when the 
received signals due to ground and sky rays are approxi¬ 
mately equal, and in certain cases it has been found* that 
the apparent bearing can make complete rotations of 
360°. It is therefore of some considerable interest that 
the theory of system. ( b ) predicts the elimination of 
wandering minima. 

Consider, as<n Fig. 9, the reception in a rotatable loop 
of a ground ray H 0 and an elliptically polarized sky ray 
having components of magnetic force H x and H[ respec¬ 
tively perpendicular to and in the plane of propagation. 
The phase difference between the magnetic components 
is £ and it is supposed that the polarization of the down- 



Fig. 9.—Ground plan of magnetic forces affecting a rotatable 
loop. The sky ray has an angle of incidence i at the 
ground. 

coming wave does not vary appreciably-]- in the range of 
angular frequencies (co r ± cog) required by system (6) 
modulation. 

When the loop is placed at an angle ifj to the direction 
of propagation, the signal induced into it is propor¬ 
tional to 

IJ 0 COS ifl COS CQqt sin 60)4 

+ 2 H 1 cos if; cos (w Q t -j- y) sin (c o r t -j- 8) 

+ 2cos i sin if; cos {co a t -f- y) sin ( co r t + 8') (39) 

where i is the angle of incidence of the.sky ray and 
8 — On using the abbreviations 

a = 21 -IJHq and a' = (2H' 1 jH 0 ) cos i . (40) 

and applying the condition for fading control (cos y = 0), 
the d.c. component in the output of the detector is found 
to be proportional to 

H|[(l + a 2 ) cos 2 if; + a' 2 sin 2 ! f; + aa' cos | sin 2ifj] (41) 

* R. L. Smith-Rosts and R. H. Barfield: Journal I.E.E., 1926, vol. 64, 
p. S31. 

f This hypothesis is in agreement with the conclusions of Baker and Green 
(Proceedings of the Institute of Radio Engineers, 1933, vol. 21, p. 1103). 
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which does not contain 6 . Hence, on rotating the loop 
until ip = 90°, the minimum signal so obtained will 
always indicate the true bearing of the station, inde¬ 
pendently of the presence of abnormal polarization in the 
sky ray. In cases of severe night-effect, however, the 
minimum will be blurred and the accuracy of taking the 
bearing low. 

For purposes of illustration there have *oeen plotted in 
Fig. 10 the polar diagrams of reception of a rotatable 
loop, it being assumed that the indicating instrument is 
a d.c. meter placed in the anode circuit of the square-law 
detector. In Fig. 10(a) the sky ray is circularly 
polarized; that is, H 1 — cos i and £=90°. The 


(10) APPLICATIONS TO BROADCAST TELE¬ 
GRAPHY AND TELEPHONY 

These two applications of the system of fading control 
are conveniently considered together. In the first place, 
it is of interest to calculate roughly the degree of control 
which should be obtained at various locations of the 
receiver when the control frequency is adjusted to be 
correct for one particular distance between sender and 
receiver. 

The results for a typical case are shown in Fig. 11, 
for which the percentage fading has been calculated for 
uncontrolled and for controlled system (b) transmissions. 
The mean frequency is 300 kc. (A = 1 000 metres), and it is 



Fig. 10.—Polar diagrams of rotatable loop aerial receiving the system (6) controlled signals. The minimum signal 
always indicates the true bearing of the station, but severe " night effect ” blurs the minimum. 

(a) Circularly polarized sky ray. (6) Linearly polarized sky ray. 


three curves are respectively for equal intensities of 
ground and sky rays, sky ray equal to one-half of 
ground ray, and ground ray alone. In Fig. 10(6) the 
sky ray is linearly polarized with H 1 = H[ cos i and 
g = 0°. Three curves are plotted, as for Fig. 10(a). 

In both cases it is apparent that severe blurring of the 
minimum only occurs when the intensities of the ground 
and sky rays approach equality. Under similar con¬ 
ditions, but using uncontrolled transmissions, the mini¬ 
mum would be both blurred and wandering. No 
experimental tests have yet been made of this arrange¬ 
ment, but it is clear that the principles underlying the 
proposed system are applicable equally well to a rotating 
loop direction-finder or to a rotating beacon.* 

* R. L. Smith-Rose and S. R. Chapman: JournalI.E.E., 1028, vol. GG, p. 256. 


assumed that the ground ray is propagated* over country 
of equivalent conductivity 10 ~ 13 e.m.u. The intensity of 
the sky ray is also known,! so that the degree of fading 
may be calculated for any given distance from the trans¬ 
mitter. The worst fading occurs at a distance of 400 km., 
but it would be a matter for trial to decide at what 
particular distance the control could best be adjusted. 
In the case to which Fig. 11 refers, however, the control 
has been arbitrarily centred on 300 km. and it has been 
assumed that the effective height of the E region is 
100 km. The corresponding control frequency for 
system (6) signals is 1 250 cycles. 

The results to be expected are that the night-time 

* T. L, Eckersley: Proceedings of the Institute of Radio Engineers, 1032 
vol. 20, p. 1555. ’ 

t D. F. Martyn: Proceedings of the Physical Society, 1935, vol. 47, p. 323. 
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fading should be negligibly small throughout the useful 
daylight range of the ground ray. Beyond 400 km., 
where the sky-ray intensity is greater than that of 
the ground ray, the amount of fading depends chiefly 
on intensity variations in the sky ray and not on phase 
interference. The investigation of propagation outside 
the range of the ground ray will, however, be dealt with 
in a later paper. 

It is to be emphasized that the predicted control of 
fading applies only to the d.c. component in the output 
of the detector. In many cases it would be more con¬ 
venient to read the message in telephones, so that it is a 
matter of some interest to investigate the possibility of 
imposing a second modulation on to the transmissions 
for the purpose of carrying intelligence. This subject is 



Fig. 11.—Variation of degree of control at various distances 
from the transmitter when the modulation frequency is 
adjusted to be correct for a receiver at a distance of 
:100 km. System ( b ), wavelength 1 000 m., control 
frequency 1 250 cycles. 


closely allied to the control of fading in telephony, which 
will now be discussed. 

It is evident that there are several possible modifica¬ 
tions of the simple controlled systems by means of which 
telephony may be included in the transmissions. The 
simplest of these from the theoretical point of view is 
that shown diagrammatically in Fig. 12. Two carriers 
are emitted at angular frequencies co r ± o> 2 , and each is 
associated with a single side-band which carries the pro¬ 
gramme modulation of angular frequency a> v . The 
angular frequency separation 2o> 2 of the carriers must 
therefore be somewhat greater than the highest audio 
frequency in the programme, e.g. greater than 5 000 
cycles. It is thus necessary to select some value of co q 
which is an odd harmonic of the fundamental control 
frequency, e.g. the 7th harmonic when the control fre¬ 
quency is about 400 cycles. 

However, analysis of a number of such systems 
discloses that:— 


(i) The addition of control modulation introduces 

distortion into the programme, even in daylight 
reception. 

(ii) It seems to be necessary to use a square-law 

detector in the receiver in the place of the now 
almost universal diode detector.* 

(iii) The process of setting up the controlled signals at 

the transmitter is complicated.f 

(iv) When, however, the control modulation is adjusted 

to suppress fading of the carrier, phase fading 
of the programme is simultaneously con¬ 
trolled. 

Consequently,*it is not to be anticipated that there can 
be an immediate application of controlled systems to 
high-fidelity broadcast transmissions. Nevertheless, in 
the case of long-distance point-to-point speech circuits 
which suffer from severe fading and ionospheric distortion, 
it might be preferable to use the control and to tolerate 
factors (i), (ii), and (iii) above. 

The chief advantage of such a system of telephony 
would be in jjjie regulation of very deep fades, at the 
•troughs of which there is usually a noticeable distortion 


Carrier 


Programme 

(C0 7 — UJq) 

-*- Frequency 


Carrier 

I 


Programme 


(CO r 


Fig. 12.—Proposed telephony system embodying two 
carrier + single-side-band transmissions. 

of the programme. The origin of this " trough dis¬ 
tortion may be traced quite simply to the disappear¬ 
ance of the carrier at times when the received waves are 
equal in intensity but in phase opposition. Elimination 
of the carrier implies simultaneously the disappearance 
of the programme notes, since they are produced by beat¬ 
ing the carrier with the side-bands. The distortion terms 
which remain are then due to beats between the two side¬ 
bands. Now it is known that fading-control systems are 
capable of reducing the fading of the carrier. Conse¬ 
quently, it is to be anticipated that the same process 
would have the effect of very materially reducing the 
amount of trough distortion. 

Again, it must be remembered that the primary object 
of this investigation of the possibility of imposing two 
modulations on the transmissions is for the purpose of 
telegraphy. In the reception of these signals, factors (i) 
and (ii) above are of little importance. Moreover, there 
is one special case of the system of two single-side-bands, 
when co q = 3 a> p , for which factor (iii) also admits of an 
easy experimental solution. The investigation of such a 
double-modulation system in long-distance propagation 
will form the subject of a later communication. 

* However, it is interesting to note that there has recently been a tendency 
towards advocating the use of asymmetrical side-band transmissions for bigh- 
quality broadcasting. See, for example, P. P. Eckersley: Journal 
1935, vol. 77, p. 517. 

t A. Ii. Reeves: ibid,, 1933, vol. 73, p. 245. 

$ The authors are indebted to Mr. S. H. Witt, of the Australian Postmaster- 
General’s Department, for some discussion of this point. 
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(11) CONCLUSIONS' 

The paper outlines an investigation of systems of 
fading control in which an improvement in the constancy 
of the received signal is produced by combining the 
effects of two or more signals transmitted at different 
frequencies. The object of such a system is to remove 
the deep troughs of fading under whict^ the operation 
of automatic-volume-control apparatus in the receiver 
breaks down, owing to the signal falling below the noise- 
level. 

The most obvious way of setting up multi-frequency 
transmissions is to modulate the amplitude of the carrier, 
thus producing two side-bands equally spaced from the 
carrier. In this system (a), however, fhe authors have 
found that it is necessary to modulate tke carrier to a 
depth of 100 per cent, and £ven then the control of 
fading is not complete. Under optimum conditions it is 
possible to reduce the fading fluctuations to one-third of 
those experienced with unmodulated signals. 

Ixa system ( b ), in which the carrier is suppressed at the 
transmitter and only the side-bands are sent out, it is 
possible to obtain complete control of fading. In several 
instances fading greater than 60 per cent was easily* 
reduced to less than 5 per cent on imposing suppressed- 
carrier modulation at a frequency of about 400 cycles. 

With both systems it is found that the only satisfactory 
method of conveying intelligence is to insert into the 
output circuit of the detector in the receiver a device 
which is actuated by the change in direct current pro¬ 
duced by the rectification of the incoming signals. In 
general, the audio-frequency components in the detector 
output are uncontrolled, so that listening to the signals 
in telephones is unsatisfactory. 

Although the frequency of the modulation required for 
optimum control of fading is dependent, in short-distance 
propagation, on the path-difference between the ground 
and sky rays, yet the adjustment is not very critically 
affected by minor variations in the ionospheric conditions. 
Consequently, in broadcast telegraphy it should be 
possible to centre the control arbitrarily at any con¬ 
venient distance from the transmitter. . The zone inside 
which partial control is obtained then covers a wide area, 
and, in one special case for which detailed calculations 
were made, it would appear that the night-time fading 
could be reduced to negligible proportions throughout the 
useful daylight range of the ground ray. 

The control frequency is sensibly independent of the 
mean frequency of the wave, except so 'far as the path of 
the sky ray depends on frequency. ) 

An application of fading-control methods is suggested 

• 

[The discussion on this 


in connection with ionospheric research when using the 
Appleton-Barnett frequency-change technique. It has 
been discovered that suppression of the main sky-ray 
occasionally has the effect of disclosing the presence of an 
unsuspected subsidiary sky-ray. Usually it is necessary 
to reject all records which show signs of subsidiaries when 
precise measurements are required of polarization and 
lateral deviation of the main ray. The new technique 
therefore enables a test to be made of the purity of the 
sky raymnd hence a selection of the simple experimental 
conditions which are required. 

It is also suggested that there may be an application 
to direction-finding both in the transmissions from rotat¬ 
ing beacons and in the reception by rotatable loops. 
The analysis predicts that such controlled systems should 
be ffee from wandering bearings during periods of night 
effect. In very severe conditions of approximate equality 
of ground- and sky-ray intensities there will, however, be 
a blurring of the minimum and some difficulty in making 
an accurate estimate of the bearing. 

Theoretically it would seem to be possible to apply 
fading control to telephony. It has been shown that the 
odd harmonics of the fundamental control frequency are 
also available for reducing fading. Hence it might be 
feasible to make the control supersonic and to insert 
additional modulation carrying intelligence. This pro¬ 
cess, however, will introduce some distortion into the 
programme, so that the application of fading control to 
high-fidelity broadcasting is not practicable. 

The whole of the investigation described in this paper 
has been carried out at a short distance from the sending 
station under conditions of approximate equality of 
ground- and sky-ray intensities. In a more recent 
investigation, to be described later, attention has been 
directed to the problem of imposing two modulations on 
to the transmissions in the case of long-distance sky-ray 
propagation, one modulation being used for control and 
the other for carrying the message. 
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SUMMARY 

The paper describes a continuation of fading-control experi¬ 
ments by methods which rely on transmissions being made at 
adjacent frequencies. Measurements have been made at 
distances of 700 and 3 300 km. from the transmitter, and Tt is 
found that phase-fading is due to interference between two 
main sky-rays of comparable intensity. The path-differences 
between these rays have been measured with the help of the 
Appleton-Barnett frequency-change technique and the corre¬ 
sponding control modulations applied. 

The most satisfactory type of controlled signal is obtained 
by imposing two modulations having frequencies in a 3 : 1 ratio 
and by suppressing the carrier. The optimum control fre¬ 
quencies were found to be 200 and 600 cycles when the distance 
between sender and receiver was 700 km., whereas at 3300 km. 
the best frequencies were 50 and 150 cycles. 

Reception of the doubly-modulated signals shows that, when 
the control frequencies have been adjusted to correspond to 
the sky-ray path-differences, the phase-fading is eliminated. 
This removes all of the deep troughs of fading, and the residual 
intensity variations are then well within the capabilities of 
simple automatic-volume-control apparatus at the receiver, 
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Appendix. Identification of Sky Rays. 

(1) INTRODUCTION 
(a) Phase and intensity fading 

In another paper* it has been shown that the 
fading of radio signals can be controlled by experimental 
methods which depend on transmissions being made at 
adjacent frequencies. The whole of this preliminary 
work was carried out at a distance from the sending 
station such that the intensities of the ground and sky 
rays were comparable. Under these simple conditions 
the intensity of the received signal at night is propor¬ 
tional to 

-|- 4e 2 .. (1) 

* A. L. Green and G. Builder: "Control of Wireless Signal Variations " 
(see page 010). 


whereas the uncontrolled signal is determined by 

ejj -f -j- 4e 0 e s cos 9 • • • (2) 

where e 0 , e s respectively are the vertical components of 
the electric forces in the ground and sky rays and 6 is 
the phase-difference between them. The effect of the 
control is therefore to remove phase-fading and to prevent 
the night-time signal from falling below that which is 
due to the ground waife alone. The residual fading is 
then to be ascribed to intensity variations in e s , so that 
•the night-time signal intensity fluctuates between the 
limits e 2 and (e^ -|- 4e 2 ). Residual fading of this amount 
is of little importance since the total range of variation 
in the signal intensity falls within the limits of automatic- 
volume-control (A.V.C.) apparatus. 

On the other hand, the maximum and minimum 
intensities of a signal subject to phase fading are 
(e 0 ± 2e s ) 2 . When the ground- and sky-ray signals are 
comparable, the troughs of fading are so deep that the 
residual signal falls below the noise level and the applica¬ 
tion of A.V.C. methods is of little avail. At the same 
time, the disappearance of the carrier wave involves con¬ 
siderable distortion in telephonic transmissions since the 
side-waves are then left to beat with each other and to 
produce harmonics of the wanted programme tones. 

'In long-distance communication, where reception is 
confined to sky rays, the same principles apply with little 
modification. In general it is found* that at least two 
sky rays are present, so that the received signal, in its 
simplest form, is proportional to 

e| + <= 2 + 2<= 1 e 2 cos 6 . . . (3) 

In this case, both ^ and e 2 are subject to amplitude 
variations, so that, even when phase fading has been 
eliminated, the signal may fluctuate between zero and 
( e 2 Fortunately, however, e 1 and e 2 seldom have 

zero intensity simultaneously, and in practice the residual 
-j- g|) is usually of sufficient strength to actuate a 

receiver fitted with A.V.C. 

This point will be made clear by an examination of 
Fig. 1, in which there is a comparison of controlled and 
uncontrolled transmissions. The detector in the receiver 
was adjusted to saturation point, the effect of which is 
to place a limit on the galvanometer deflection. Thus 
all signals above a certain threshold value will produce the 
same galvanometer reading, while deflections below this 
amount will indicate deep troughs of fading during which 
the maximum amplification available in the receiver is 


* See E. V. Appleton and A. L. Green: Proceedings of the "Royal Society, A, 
1930, vol, 128, p. 159; also T. L. Eckersley: Journal I.E.E., 1932, vol, 71> 
p. 405. 

[ 623 ] 



624 


GREEN AND PULLEY: CONTROL OF PHASE-FADING 


insufficient. In Fig. 1(a) the uncontrolled signals fell 
below the threshold value approximately 20 times per 
minute, whereas in Fig. 1(5) the failurgs were only about 
5 per minute. Both records were taken at a distance of 
700 km. from the transmitter, the mean frequency being 
3 • 46 Me. 

In the long-distance experiments the authors have 

I 


it is found that unmodulated signals frequently give 
values of K as low as unity, but that in the controlled 
transmissions K seldom falls below 10. 

(b) Locations of transmitter and receivers 

Fig. 2, which is drawn roughly to scale, shows the 
sky-ray paths between the transmitter at Sydney (New 



attempted to reduce the frequency of occurrence of the 
deep troughs of fading and have assumed that A.V.C. 
technique will be available to smooth out the residual 
fluctuations. 

In the short-distance experiments the amplitude of the 
fading was defined by the quantity 


A = 


7 2 _ T . 2 

-‘■max. — J-r - - 


‘-min. 


'max. 


2 + L 


x ioo 


mm. 


. . (4) 


where I max." an d I m in~ are the maximum and minimum 
■values respectively, during a cycle of fading, of the d.c. 
component in the output of the square-law detector in 
the receiver. On this basis there is 100 per cent fading 
when the signals due to the ground and sky rays are 
equal and when the troughs of fading go to zero. When 
reception is confined to sky rays a better picture of the 
efficiency of a communication circuit is, however, 
obtained by considering the intensity of the signal at a 


South Wales) and the receivers. The short-distance 
measurements were made at Liverpool (N.S.W.), at a 
distance of 25 km. from the transmitter; the medium- 
distance measurements at Melbourne (Victoria), at 
700 km.; and the long-distance at Perth (Western 
Australia), at 3 300 km. 

The short-distance measurements, which have been 
described in a previous paper,* were carried out with the 
object of verifying the theory of fading control under 
experimental conditions for which the related ionospheric 
phenomena are well understood. 

The receiver was next moved to Melbourne, and the 
experiments repeated using sky-ray reception alone. 
Now it is known f that in the case of the Sydney- 
Melbourne circuit there is normally present a strong 
si^gty-reflected ray from the E region whose path-length 
is sensibly independent of the height of the Kennelly- 
Heaviside layer. This ray was therefore used as a 



Fig. 2. Sky-ray paths between transmitter at Sydney and receivers at Liverpool (N S W 1 

Melbourne (Victoria), and Perth (W.A.). P 1 


fading trough as compared with the mean signal. We 
therefore define a " factor of constancy ” of the signal, 


__ Minimum 
K = “Mean - X 100 


(«) 


such that a perfectly steady signal has a constancy factor 
of 100. We may then state arbitrarily that there is a 
deep trough of fading when K falls below 10. In practice 


reference by which to measure the path-differences 
with the subsidiary sky rays and hence to adjust the 
fading-control system to the prevailing ionospheric 
conditions. 

In selecting Perth as the site for the long-distance 
measurements, use was made of the fact that the maxi- 


n ,t D - F- Martyn, R. O. Cherry, and A. 
Physical Society, 1935, vol. 47, p. 340, 


L. Green: Proceedings of the 
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mum range* which may be attained by a singly-reflected 
ray from the E region is about 2 200 km. At greater 
distances than this, therefore, reception must be by 
multiple-reflected rays, so that the measurements which 
were made at a distance of 3 300 km. are representative of 
long-distance propagation. 

By doing the experiments in three stages it was found 
that much additional data became available. The 
elucidation of the sky-ray paths for the Liverpool and 
Melbourne sites makes it possible to determine *the 
critical angle which demarcates E-region reflection^ from 
F-region reflections. With this knowledge it then 
becomes feasible to hazard a guess as to the identities 
of the multiple-reflected * rays received at Perth. The 
adjustment of the fading-control apparatus is not 
dependent on this knowledge but, since it is of inteiest 
in connection with the mechanism of long-distance 
propagation, it has been included in the Appendix to 
this paper. 

(c) Summary of short-distance experiments 

The most satisfactory type of fading-control transmis¬ 
sion was found to be a suppressed-carrier modulated 
signal. Thus, if a> r and co q are respectively the radio and 
control angular frequencies, the signal at the receiver due 
to the ground ray alone is proportional to 

e Q cos a) q t sin a> r t .(6) 

Similarly, the sky-ray signal at the receiver is 

2 e s cos (cvqt + sin ( a) r t -f 9 ) . . . (7) 

and it has been shown that the phase angles % and 9 are 
determined by 

9 — — aj r D/c 
X = “ oj^D'Ic 

where c is the velocity of propagation in free space, and 
D and D' are respectively the optical and equivalent 
path-differences between the ground and sky rays. 

On combining the ground- and sky-ray signals and 
passing them through a square-law detector, the change 
in direct, current in the detector anode circuit is pro¬ 
portional to 

-J- 4e^ ~j- cos 9 cos . (9) 

Hence it follows that phase fading, which is due to varia¬ 
tions in 9, can be eliminated by ensuring that cos % = 0. 
The condition for fading control is therefore 

°->g __ (2n + 1) o 
27 rr 4 ' D' ' ' 

where n is any integer. The control modulation fre¬ 
quency is determined by the path-difference between 
the interfering rays and is independent of the mean 
frequency of the wave, except so far as D' itself is a 
function of co r . 

The conclusions derived from the short-distance 
investigation which are relevant to the present paper 
are:— 

* Throughout their experiments the authors have assumed that sky ray s 
reflected from the E region traverse simple triangular paths. Since the ionization 
gradient is sharp (see D. F. Martyn: Proceedings of the Physical Society, 1935, 
vol. 47, p. 323) this assumption should not involve serious error. 

Vol. 80. 



(1) Theoretically it is possible to eliminate phase 

fading completely when the control frequency is 
adjusted to correspond to the path-difference 
between the interfering rays. In practice, 
fading greater' than 60 per cent was easily 
reduced to less than 5 per cent. 

(ii) The odd harmonics of the control frequency are 

also available for the purpose of reducing fading. 

(iii) The control frequency is sensibly independent of 

the mean ‘frequency of the transmissions. 
Minor variations in the height of the ionosphere 
and in the position of the receiver do not appre¬ 
ciably affect the degree of control. 

(iv) In general it is necessary to read messages on such 

circuit^ by observing the change in direct 
current of the receiver output, since the audio- 
. frequency components are uncontrolled. 

Three problems therefore present themselves in the 
application of fading-control systems of this kind to 
long-distance propagation: First, it is necessary to 
measure the path-differences between the main sky-rays 
j^efore it is possible to decide on the frequency of control 
modulation. Secondly, it would be desirable to supple¬ 
ment the control modulation at a single frequency by 
another which could be used to convey intelligence. 
Thirdly, since it is probable that the received signal will 
consist of more than two sky rays, it would be advan¬ 
tageous to provide additional control modulation at fre¬ 
quencies suitable for the subsidiary sky rays. 

As to the first of these problems, it has been found that 
experiments of the Appleton-Barnett frequency-change 
type* are suitable for measuring the sky-ray path- 
differences. As regards the second and third problems, 
it will be shown that an effective compromise can be 
made for long-distance telegraphic communication by 
imposing two modulations at the transmitter and sup¬ 
pressing the carrier, 

(2) TWO MODULATIONS IN SUPPRESSED- 

CARRIER TRANSMISSIONS 

(a) Fading of d.c. component of rectified signal 

If two modulations of equal amplitude but at angular 
frequencies co p and a) a are imposed on the transmissions, 
and the carrier is suppressed, then the emitted signal is 
of the form 

€ (cos cOpt -j- cos co a t) sin co r t . . . (11) 

and the received signal has components at the four 
angular radio frequencies (a) r dr co p ), {co r dr co q ), where co v 
and a )q are small compared with to r . The phase difference 
between two sky rays at angular frequency oj r is 

9 = — co r Dja 

and at angular frequency (aj r -f- A<n r ) it is 

Q + & 9 = ~ \oi r D + D'Ao>r) . • (12) 

c 

Hence, if Aw? is given the values dr £%, dr it is then 

* E V. Appleton and M. A. F. Barnett: Proceedings of the Royal Society, A, 
1925, vol. 109, p. 621. 

4] 
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easy to show that the received signal is proportional to 


e 1 (cos copt -f- cos iOqt) sin (Oft 

-f* e 2 £cos (copt + (j)j -j— cos (ojqt -j- y^j sin {oj^t -f- 9) (13) 

where e v e 2 are the vertical components of electric force 
in the two main sky-rays, and 


( 14 ) 


cf) = — cOpD'/a 
X — — ^>d D 'l a - 
After the combined signal has been passed through a 
square-law detector, the change iri direct current in the 
anode circuit is proportional to 

ef + <?| + 2^2 cos 9 cos !(</> + X) cos 1$ — X) ( 15 ) 


Supposing that the message is to be copied with the help 
of a d.c. relay, phase fading can be suppressed by adjust¬ 
ing to zero either cos \{cf> + x) or cos !(<£ ~ X) • Look¬ 
ing at it in another way, it *is possible to control inter- 



Fig. 3.—Calculated amounts of residual fading for a single 
control modulation at 200 cycles and for double modula¬ 
tion at frequencies of 200 and 600 cycles, with carrier 
suppression. (The ranges of effective control are BC and 
AD respectively, i.e. 250-500 and 115-635 km. of path- 
difference.) 


ference between all sky rays whose path-differences 
satisfy the relation 

„, (2n 4- l)7rc 

Di = ,, , .... ( 16 ) 


where n is an integer, 
rays corresponding to 

D2 


OJp -f- (O q 

and also between another set of 


(2 n -(- l)7rc 


to* 


... (17) 

■jp (O q 

Fig. 3 indicates the difference to be expected between 
the effects of single and double modulations. In one 
case the control frequency is 200 cycles and phase fading 
is eliminated when the equivalent path-difference is 
375 km. If we assume that the two sky rays have equal 
intensities, then the residual fading should be less than 
50 per cent for all values of D' between 250 and 500 km. 
With double modulation at frequencies of 200 and 600 
cycles the range of effective control is 115 to 635 km. in 
D', and phase fading is completely suppressed for three 
values of D' —-187*5, 375, and 562*5 km. 

It is therefore clear that there is a considerable 
advantage in using two modulations when D' is not 
known accurately or when there are being received more 


than two interfering rays with comparable amplitudes. 
In the particular case for which Fig. 3 has been drawn, 
the frequencies of the two modulations are in a 3 : 1 ratio 
but it is obviously possible to vary the frequencies, both 
absolutely and relatively, in order to suit other ionospheric 
conditions. It has been found, however, that the 3 : 1 
ratio is a convenient compromise in telegraphy between 
(i) the possibility of obtaining effective fading control of 
the d.c. component in the detector, for a large range of 
values of D'; and (ii) the desirability of using the audio¬ 
frequency components in the detector circuit for the 
purpose of reading the message. 

The problem of the audio-frequency components in the 
rectified signal is somewhat complicated, so that it will be 
necessary to discuss the question in some detail. 

• 

(b) Fading of audio-frequency components of recti¬ 
fied signal 

It has previously been shown that there is no control 
of the audio-frequency components of the signal in the 
output from the detector in the case of a single modula¬ 
tion. In fact, when the condition for control of the d.c. 
component is exactly satisfied, the intensity of the 
audio-frequency component is proportional to 

V(e| + ^ + 2 e 2 e | cos 20 ) cos 2(o q t . . (18) 

and the rapidity of fading is just double that for an 
unmodulated wave. 

For a suppressed-carrier doubly-modulated wave, the 
received signal is given by (13), and the intensities of the 
audio-frequency components are proportional to 

e^cos 2oy5+cos 2to q t J r 2 cos [(Op J r (o^t-\-2 cos (co p — a> (i )£] 

-f-e|{cos 2((o P t -\-cos 2(<o^+x)-|-2 cos [((Op+a> q )t 
+ (^+X)]+2 cos [[(o p -(o a )t+{(!>-x)]} 

+ 2e t e 2 cos 0|cos ( 20 ^^+^>) + cos (2 (o q t-\- x) 
+2cosf(<£-j-y) cos [(«j>-« a )H-f(0-y)] 

+2 cos|-(<£-y) cos[(mp+m ? )i5+|(</>+y)]} • (19) 

From (19) it follows that the audio-frequency com¬ 
ponents at angular frequencies 2 co v and 2co q are uncon¬ 
trolled, but that the ( to p + to q ) signal can be controlled 
by making the adjustment cos (<f> — y) = 0. Alter¬ 
natively we may use the ( <o p — co q ) tone if cos \(<f) + y) 
is made zero. 

The special case, to p = 3 co g> which has already been 
mentioned as providing good fading control of the d.c. 
component when more than two sky rays are being 
received, is also of interest here. On making the sub¬ 
stitutions top — 3co q , (f> = 3y, in (19) it may be shown 
that there are audio-frequency components at frequencies 
2co q , 4 <o q and 6o> ff , but that the 2co q tone is the strongest. 
Considering this component alone, it may then be shown 
that the conditions for control are 

cos y = ± l 


Hence, phase fading in the 2oo q tone is eliminated for the 
two sets of sky rays which satisfy the relations 


D' = 


3n i 1 


7TO 
(O q ‘ 


20 ) 
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0 5 10 

Time, sec. 


Fig. 4.—Typical frequency-change records obtained in 
Melbourne. Amount of frequency-change, 10-8 kc.; 
mean frequency, 3-46 Me. (E x denotes singly-reflected 
ray from E region, E 2 doubly-reflected ray from E 
region, etc.) 
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As in the case of the d.c. component, a wide range of 
values of D' can therefore be covered by the adjustment 
cup — 3o> e , and it h<|s been found that considerable varia¬ 
tions in the ionospheric conditions are possible without 
impairing the efficiency of the system. 

(3) EXPERIMENTS IN MELBOURNE 

l 

The mean frequency of the transmissions was 3-46 Me. 
(A ~ 87 metres). A few records were also obtained at 
7 Me., but it was found that, at this frequency,Melbourne 
was within the skip distance after 9 p.m. (E.S.T.). How¬ 
ever, the results recorded at 7 Me. only differed from those 
obtained in the main series of tests by the relatively fewer 
subsidiary sky-rays observed at the higher frequency. 

Tests of the Sfydney-Melbourne circuit had been made 
in 1932 with the Appleton—Barnett frequency-change 
technique at a mean frequency of 1 • 45 Me., when it had 
been found that there were invariably two or more sky 
rays present with Comparable intensities. In the present 
tests similar results were;immediately obtained. Repro¬ 
ductions from the photographs of typical sets of inter¬ 
ference fringes a*e shown in Fig. 4, for which the amount 
of the frequency-change was 10-8kc. The numbers of 
fringes produced by this change of frequency varied from 
3-7 to 25, corresponding to values of the path-differ¬ 
ence between the interfering sky-rays of 103 to 700 km. 
Fortunately, however, the path-difference did not vary 
erratically between these limits, and on a number of 
evenings the whole of the records could be sorted into 
two main groups for values of D' of about 100 and 
500 km. In a later section, reasons will be given for 
supposing that in both cases the main sky-ray was that 
which had been reflected once by the E region and that 
the interfering rays were doubly-reflected, by the E and 
F regions respectively. 

Figs. 5 and 6 show how the measured values of D' 
varied from night to night. In Fig. 5 are plotted the 
results for the 1st, 7th, and 14th February, 1935, when 
the propagational conditions were comparatively simple. 
For these days the path-difference was 100km. during the 
sunset period,rising gradually to about 150km. at 10 p.m. 



4 6 8 E.S.T. 10 p.m. 

Fig. 5.—Path-differences measured in Melbourne on three nights—1st, 7th, 14th February, 1935. 
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(E.S.T.). At about 2 hours before sunset, however, there 
appeared subsidiary reflections with values of D' of about 
500 km., and, as the evening advanc^i, such records were 
more frequently obtained. 


ever, the fringes corresponding to the abnormally long 
paths were small, so that the amount of interference with 
the main signal was not serious. On the other hand, the 
fringes which indicated the 300-km. path-differences were 



4 * 1 6* 1 8 E.S.T. 10p.m. 


Fig. 6. —Path-differences measured in Melbourne on three nights—4th, 5th, 6th February, 1935. (Note that E ;i -E i 

merges into Fg-Fj^ after sunset.) 



Fig. 7. —Melbourne: comparison of natural fading of modulated and unmodulated signals, 13th February, 1935. 
[a) 6.15 p.m., ( b ) 6.30 p.m., (c) 6.45 p.m., ( d ) 7.00 p.m., E.S.T. (The controlled signals were carrier-suppressed 
with 200 cycles modulation. The comparison shows a marked reduction of the fast fading.) 


Fig. 6 is for the disturbed days, results being shown 
for the 4th, 5th, and 6th February, 1935. Groups of 
records showing the 100-km. and 500-km. path-differences 
were again obtained, but, in addition, there was an 
intermediate series at about 300 km. and also indications 
of path-differences greater than 600 km. Usually, how- 


usually well marked and, in those occurring after about 
8 p.m., the severity of the fading as well as the mean 
intensity was very high. 

It is therefore clear that there are three important 
series of values of D' which should be allowed for when 
selecting the frequency of control modulation. A begin- 
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ning was made with a control frequency of 200 cycles, 
corresponding to D' — 375 km., the object being to control 
the fast fading which is correlated with path-differences 
in the range 300-500 km. 


made to differentiate between these alternatives by im¬ 
posing two modulations on to the suppressed-carrier 
signals, at frequencies of 200 and 600 cycles, the latter 
corresponding to 23' — 125 km. 



Time, min. 


Fig. 8.—Melbourne : comparison of natural fading of unmodulated carrier with doubly-tnodulated suppressed-carrier, 
at frequencies of 200 and 600 cycles. (The effect of the control is to remove the deep troughs of phase fading. 
The residual fluctuations are probably due to variations in intensity of *he sky rays.) 


Typical records obtained with the single modulation of 
200 cycles are shown in Fig. 7, in which there is a com¬ 
parison of controlled and uncontrolled signals. Records 
(a), (h), ( c ), and (d), were obtained during successive periods 
of 15 minutes on the 13th February, 1935, beginning at 
6.15 p.m. (E.S.T.). In records (a) and (c), deep troughs 
of fading were occurring at the rate of about 15 per 
minute and the transmission circuit was of very little 
use for carrying intelligence. On the other hand, it will 
be seen that the fast fading has been so much reduced in 
records ( b ) and {d) that the troughs occur at the rate of 
rather less than 1 per minute. A further improvement 
is also to be noticed in that the smallest value of the 
■constancy factor is about 10 per cent, whereas in the 
uncontrolled records the same factor frequently falls 
below 1 per cent. It is to be concluded that the addition 
of the 200-cycle control modulation is sufficient to 
reduce the fading to an amount which is well within the 
capabilities of A.V.C. apparatus. 

In other records taken at about the same time, how- 


Typical extracts from the double-modulation photo¬ 
graphs are given in Fig. 8, both records being obtained 
between 8 p.m. and 9 p.m. on the 15th February, 1935. 
In record (a), deep fading troughs were observed at the 
rate of about 6 per minute and the constancy factor 
occasionally approached zero. On the other hand, there 
were no very deep troughs of fading in the controlled 
record, the minimum value of the constancy factor being 
about 15 per cent. A noticeable improvement is there¬ 
fore obtained by using the double modulation, but it is to 
be concluded that there is a marked degree of intensity 
fading normally present in these transmissions since the 
residual fading is still great enough to require the addition 
of A.V.C. in the receiver. 

(4) EXPERIMENTS IN PERTH 

The mean frequency of the transmissions was again 
3 ■ 46 Me. for the maj ority of the tests carried out in Perth. 
At this frequency reception was only feasible after about 
5 p.m. (West Australian Standard Time), when the whole 




Fig. 9.— Typical frequency-change records obtained in Perth 6.45 p.m. (W.A.S.T'.), 5th March, 193o. Amount of frequency- 
change, 8-6 kc,; mean frequency, 3-46 Me.; number of fringes, 21; path-difference, /30 km.; sky rays F 5 E», 3 . 


.ever, it was noticed that the slow fading was occasionally 
severe. This result is to be expected, since no efforts 
have been made to control the phase fading corresponding 
to path-differences of about 100-150 km. In addition, 
the slow fading may in part be due to variations in the 
intensities of the sky rays. An attempt was therefore 


of the path from Sydney was in darkness. However, it 
proved to be convenient to use this relatively low fre¬ 
quency for the fading-control experiments, partly because 
it enabled a comparison to be made with the Melbourne 
results and partly because it is known* that phase fading 

* T. L. Eckersley: Journal I.E.E., 1929, vol, 67, p. 992. 
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is more severe at the lower frequencies on account of the 
presence of subsidiary multiple-reflected rays. In fact, 
the tests which were also made at frequencies of 7 * 5 and 
9 -1 Me. showed that the propagatioftal conditions were 



Fig. 10.—Path-differences measured in Perth, 4th, 5th, 6th, 
7th, Sth March, 1935; mean frequency, 3*46 Me. 

noticeably simpler at the higher frequencies. It is there¬ 
fore to be inferred that the choice of 3 -46 Me. for the 
operating frequency ensured that the tests were carried 
out under exacting conditions. 

Reception of the frequency-change signals, which were 


used at the commencement of the tests in order to dis¬ 
cover the path-differences between the main sky rays, 
disclosed that a considerable degree of phase fading was 
always present. Normally there were two main inter¬ 
fering rays with a path-difference of about 600-800 km, 
and, although this quantity varied somewhat erratically 
from minute to minute, yet on the whole the total range 
of variation was very much less than in the Melbourne 
experiments. 

Fig. 9 is a reproduction of three sets of fringes recorded 
at 6.45 p.m. (W.A.S.T.) on the 5th March, 1935. The 
Amplitude of the fringes shows that the two sky rays 
were of nearly equal intensity, and the number of fringes 
—about 21 for a frequency-change of 8 • 6 kc.—corre¬ 
sponds to a path-difference of 730 km. 

In Fig. 10 are plotted the measured path-differences 
for the evenings of the 4th, 5th, 6th, 7th, and Sth March, 
1935. It will be seen that almost the whole of the obser¬ 
vations gave values of D' between 600 and 800 km., for 
which the corresponding frequencies suitable for the 
control modulation are 125 and 94 cycles. Accordingly 
tire control frequency was fixed at 125 cycles for the first 
comparisons of the fading of unmodulated with sup- 
pressed-carrier signals. 

Fig. 11 shows extracts from typical photographic 
records of natural fading during the period 6.00-7.40 p.m. 
(W.A.S.T.) on the 14th March, 1935. In records (a) and. 
(c), taken with unmodulated signals, the fading was very 
fast, there being respectively 30 and 90 troughs per 
minute. Records ( b) and (d), for the suppressed-carrier 
transmissions, indicate a very marked reduction of phase- 
fading. No deep troughs are to be observed in these 
extracts, and the constancy factor of the circuit was 



Comparison of natural fading 1 of unmodulafpd ramor -j i, ,. 
cycles, on 14th March, 1935. (a) 6 JO p.m., ( b) 6.00 p.m., (c) 7 JOp m fdf SSed wTc-p System moduI ated at 125 

show a marked reduction in the amount of, fast fading.) ^ d P- m -» W.A.S.T. (The controlled records, 
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always above 25 per cent. In record ( d ), however, the 
character of the residual fading suggests that a further 
improvement might be made if the control could be 
adjusted more exactly to the path-differences between 
the sky lays. Accordingly a second series of tests was 
carried out with this object in view, the procedure being 
to use simultaneously two control modulations at fre¬ 
quencies of 50 and 150 cycles respectively. 

In Fig. 12 there is shown a comparison of typical 
records obtained with the two systems, extract (5) bgjng 
for single modulation at a frequency of 125 cycles, 
(d) being for double modulation of 50 and 150 cycles, and 
records ( a ) and ( c ) being the corresponding checks with 
unmodulated signals. From the (a), ( b ) pair it is seen 
that the fading control was generally good but that there 


approximately the same intensity as the sky ray, the 
optimum conditions for the control of phase fading are 
obtained with suppressed-carrier transmissions when the 
modulation frequency is about 400 cycles. It was also 
shown that the frequency of control modulation is inde¬ 
pendent of the mean frequency of the wave and is 
inversely proportional to the path-difference between the 
ground ray and £he main sky-ray. 

Investigations at greater distances, 700 and 3 300 km., 
now show that the. optimum control frequencies are 
determined by the path-differences between the inter¬ 
fering sky-rays. At a distance of 700 km. the path- 
difference was usually about 125 km. during the sunset 
period, and phase fading was traced* to interference 
between a singly-reflected ray (Ej) from the E region and 



Fig. 12.—Comparison of natural fading of modulated and unmodulated signals, (a) 10.55 p.m., unmodulated 
carrier. ( b) 10.35 p.m., suppressed-carrier modulated at 125 cycles, (c) 9.55 p.m., unmodulated carrier, (d) 9.40 
p.m., suppressed-carrier doubly-modulated at 50 and 150 cycles. 


were two periods of poor signal intensity at the beginning 
and end of record ( b ), when the constancy factor fell to 
about 10 per cent. On the other hand, in record ( d) the 
least value of the, constancy factor is about 30 per cent, 
this being typical of all the records obtained with the 
system of double modulation. A number of the double¬ 
modulation records showed an even greater constancy of 
signal, and it may be doubted whether the provision of 
A.V.C, in these cases could have much improved the 
intelligibility of the transmissions. 

(5) CONCLUSIONS 

The present paper describes a continuation of fading- 
control experiments by methods which rely on transmis¬ 
sions being made at adjacent frequencies. 

It has previously been shown that, at a distance be¬ 
tween sender and receiver such that the ground ray has 


a doubly-reflected ray (E 2 ); the corresponding control 
frequency is 600 cycles. Later in the evening the two 
main slcy-rays were Ej and F 2 , the measured path- 
difference being about 500 km. and the optimum control 
frequency 150 cycles. Occasionally, however, pat^- 
differences were observed intermediate between the two 
important series at 125 and 500 km., and these were 
traced to interference between E x and E 3 soon after sunset 
and to F x and F 2 later in the evening. Under these 
circumstances it was found that a greater degree of 
fading control could be achieved by imposing two modu¬ 
lations on to the suppressed-carrier transmissions, the 
frequencies being 200 and 600 cycles. 

At a distance of 3 300 km the measured path-differ¬ 
ences were approximately 600-800 km. and the best 
results were obtained with two control modulations at 

* See Appendix. 
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frequencies of 50 and 150 cycles respectively. In this 
case it was found that a bundle of rays E^ E a , E g , acts as 
a single equivalent wave with a path-length of about 
3 400 km. The interfering ray front the F region is 
either F 4 or F 5 , but on a few occasions both F rays are 
received in addition to the E wave. 

Previously it had been found necessary to read mes¬ 
sages on these circuits by observing the change in direct 
current in the output of the detector in the receiver, since 
the audio-frequency components are uncontrolled. The 
provision of two modulations, however, has the effect of 
removing this disability in addition to widening the 
range of path-differences over which effective fading 
control can be obtained. It has been shpwn theoretically, 
and verified experimentally, that the best compromise 
between these two factors is made when tfie modulations 
are in a 3 : 1 frequency ratio*. When this condition is 
satisfied it is found that both the direct-current and the 
audio-frequency components in the anode circuit of the 
detector are controlled for a wide range of values of the 
path-difference. « 

It is now clear that fading-control systems of the type 
described are effective in reducing phase fading to # 
negligible proportions. There still remain residual 
fluctuations of the signal due to intensity fading of the 
sky rays, and, theoretically, it is possible for the intensities 
of all the received sky rays to be zero simultaneously. In 
practice, however, it is found that the elimination of phase 
fading removes all the deep troughs of fading, and the 
residual intensity fluctuations are well within the capa¬ 
bilities of simple automatic-volume-control apparatus at 
the receiver. 
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APPENDIX 

Identification of Sky Rays 

Simultaneous measurements of the Sydney transmis¬ 
sions with the frequency-change technique by Martyn, 
Cherry, and Green, in Liverpool and Melbourne, dis¬ 
closed that path-differences of about 100 km. measured 
in Melbourne are to be correlated with interference 
between singly- (Ej) and doubly- (E 2 ) reflected rays from 
the E region. Similarly, path-differences of about 
500 km. have been traced to interference between the 
rays F 2 and E r Hence we may safely identify the sky 


rays in the present series of experiments by using similar 
considerations. 

In Fig. 13 there are plotted sky-ray paths and angles of 
incidence for the Sydney-Melbourne circuit, assuming 
heights of 100 and 250 km. for the E and F regions 
respectively.* Using these curves to interpret the 
measurements of path-differences in Figs. 5 and 6, it is 
easy to show that the most commonly occurring pairs of 
sky rays producing phase fading were (Eg-E-jJ and 
(F 2 -*E 1 ). On the disturbed days, shown in Fig. 6, phase 
fading £Ould also be attributed at times to (Eg-Ej) and 
(I^-Fj), both of these pairs giving path-differences of 
about 300 Ion. In addition there were some indications 
of (Fg-Fj) and path-differences of about 700 km. 



It is important to notice, moreover, that the critical 
angle of incidence which demarcates reflections from the 
E and the F regions was about 50° at this time of the 
year. This follows from the experimental evidence that 
the E x , E 2 , and F 2 rays were nearly always observed, the 
corresponding angles of incidence being 73°, 60°, and 
35°. Hence, considering these rays alone, the critical 
angle must lie between 60° and 35°. Further measure¬ 
ments which demonstrate the occasional appearances of 
E 3 soon after sunset and Fj later in the evening, close the 
gap to 49°-54°, so that the critical angle cannot be very 
different from 50° early in the evening, rising to 55° in the 
next few hours. This fact, and the more general con¬ 
sideration that both the E and the F regions are re- 

* It has also been assumed that the sky rays traverse simple triangular paths. 
The agreement found between theory and experiment indicates that at night 
the rays are not appreciably bent while passing through the E region and through 
the space between the E and the F regions. On the other hand, Hollingworth 
(Proceedings of the Physical Society, 1935, vol. 47, p. 843) finds bending during 
the daytime. ° ° 
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sponsible for returning sky rays in long-distance trans¬ 
missions, will be made use of in attempting to identify 
the sky rays received in Perth. 



The great-circle distance between Sydney and Perth is 
3 300 km., and the sky-ray path-differences and angles of 
incidence are plotted in Fig. 14. It is interesting to 
attempt to predict the path-differences which should 
have been observed in Perth and to make the comparison 


with the values determined by the frequency-change 
experiments. 

Firstly, it may^be noted that it is not possible to 
receive E 1 in Perth since the maximum range of a singly- 
reflected ray from the E region is about 2 200 km. Next, 
if the critical angle of incidence is about 60°, one would 
expect to receive E rays from the 2nd up to about the 
15th order. Giving to loss of energy from repeated 
reflections at the earth's surface and at the ionosphere, 
however, it is unlikely that the intensities of the higher- 
order rays will be appreciable. Thus, in the case of the 
E region, we may expect a bundle of rays consisting of 
E 2 and E 3 , and possibly E 4 . Now from Fig. 14 the 
corresponding ray*-paths are 3 360, 3 385, and 3 425 km ., 
for which the p%th-difierences are very small. Hence the 
phase fading between the E rays will probably be 
negligible and we can group them as a single equivalent 
sky ray with a path-length of about 3 400 km. 

In the case of the F region, the critical angle of 50°-55° 
immediately eliminates the possibility of receiving F x , F 0 , 
F 3 , and perhaps F 4 , since such rays would be held down 
by the E region. For an F-region height of 250 km., 
which has been found suitable for the short- and medium- 
distance experiments, the path-lengths of the F 4 and F 5 
rays are 3 920 and' 4 190 km., and these are the rays 
which should most frequently be observed. Interference 
between either of these rays and the E ray of path 
3 400 km. would give rise to path-differences of 520 and 
790 km., so that we should expect to measure values of 
D' in the range 500-800 km. Comparison with the 
experimentally-observed path-differences of Fig. 10 shows 
that there is very good agreement between experiment 
and the hypothesis that phase fading is usually due to 
interference between F 4 and E 2,3 or between F 5 and E 2 , 3 . 
As additional confirmation it may be noted that, if F 4 
and F 5 are simultaneously received, there is the possi¬ 
bility of a path-difference being observed of about 
300 km., and Fig. 10 shows that a few such values were 
occasionally noted. 


DISCUSSION BEFORE THE WIRELESS SECTION, 6TH JANUARY, 1937, ON THE PAPERS* 
BY DRS. GREEN AND BUILDER (SEE PAGE 610) AND DRS. GREEN AND PULLEY 
(SEE PAGE 623) 


Mr. W. L. McPherson: The value of the investiga¬ 
tions described in the two papers is considerable from 
the point of view of ionospheric research, in which phase 
control of fading provides a definite improvement over 
the original technique. The value from the practical 
communication standpoint is, however, not so clear. 
The authors reduce fading by adjustment at both the 
transmitting and the receiving ends. At the transmit¬ 
ting end a particular form of emission is required, 
namely amplitude modulation, at a note frequency 
determined by the transmission conditions, together 
with suppressed carrier; while at the receiving end it is 
necessary to use a square-law detector, and in the 
majority of cases the useful part of the rectified signal 
is confined to the d.c. component, i.e. we are deprived 
of the use of note-frequency selection. Apparently to 
get the full benefit of the proposed system we must 

* The papers were read by Mr. J. A. Ratcliffe, M.A., on behalf of the 
authors. 


choose between a note frequency, which will give a 
minimum of fading, and one which will be suitable from 
the normal interference standpoint in admitting the 
use of note selectivity by means of audio-frequency 
filters. 

An item of rather special interest is the application of 
the authors’ results to direction-finding and beacon work. 
The unreliability of the ordinary beacon and direction¬ 
finder at night has long been known, and one attempt to 
overcome it has been the introduction of the Adcock 
aerial system on both beacon transmitters and receiving 
direction-finders. The use of the Adcock aerial system 
is, however, not practicable on board ship, and it may 
be that the application to transmitting beacons of the 
principles disclosed in the paper would be of considerable 
value to ships fitted with direction-finders. A factor 
which might influence considerably this particular appli¬ 
cation is the possibility of having aural rather, than 
galvanometer reception, as apparently would be possible 
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if double-frequency modulation were used as mentioned 
in connection with long-distance communication. In 
the section of their paper dealing with direction-finding 
Dr. Green and Dr. Builder discuss only single-frequency 
modulation, and I should like to know whether they 
consider that the double-frequency modulation system 
could be usefully applied in this case, particularly with 
a view to aural reception. If the systeA is restricted to 
galv an ometer reception of the detector d.c, component, 
the prospects of its general adoption do not seem very 
hopeful. Alterations to the receiving equipment would 
be involved in so many ships that there would be a good 
deal of hesitation before shipowners would commit them¬ 
selves to the expense entailed. * 

The authors state that the method thehave developed 
for reduction of phase fading is not readily applicable to 
radio-telephony, yet the problem of phase fading is just 
as serious in radiotelephony as in radiotelegraphy. A 
number of attempts jhave already beeq made to solve it, 
the most general being the use of various diversity 
reception schemes with distributed aerial systems, the 
receiver being either fed from all the aerials simultane¬ 
ously, so as to deliver an " average ” signal, or perhaps 
automatically switched to whichever aerial happens to 
be the most effective at a given moment. 

An alternative method now being investigated is the 
use of aerial arrays the directivity of which, in the vertical 
plane, is made so sharp as to permit reception along only 
one path. The interfering wave, which has traversed a 
different path, usually arrives at an angle sufficiently 
different from the “ main ” wave to enable effective 
discrimination to be made between them by virtue of 
the aerial directivity. Such a system requires some 
means of adjusting the vertical directivity, since the 
angle of arrival of the incoming wave is bound to vary; 
this can be obtained by controlling the phase-changes in 
the connections between the receiver and the elements 
of the array. 

It is general experience that in radiotelephony the 
main trouble with phase fading occurs when the carrier 
component fades out. If the carrier is resupplied locally, 
in synchronism with the incoming carrier, a very high 
percentage of the fading will disappear. This is con¬ 
firmed by observations made some years ago in the 
course of experiments relating to the relative advantages 
of single-side-band and full-wave systems; full-wave 
reception was always materially improved by the addition 
of local carrier, even though such accuracy of synchroni¬ 
zation as is now contemplated was not then obtainable. 
Use of " local carrier ” reception is therefore still another 
method by which phase fading can be reduced. In 
common with the sharply directional aerial and the 
diversity reception system, it is applicable to both 
radiotelegraphy and radiotelephony, and involves no 
special requirements at the transmitting end. The 
ultimate solution of the phase-fading problem seems 
more likely to lie along one of the three alternative 
lines of attack just mentioned than along the more 
restricted line dealt with in these papers. 

Dr. R. L. Smith-Rose; I should like to refer to the 
fact that the authors are indebted for at least part of 
their early training .and experience to the British Radio 
Research Board, and it is gratifying to see that they are 


carrying on the traditions of the work in which they 
were brought up in this country. 

One of the main points of interest in regard to the 
papers is that they confirm so completely and neatly 
deductions which have been drawn from our present 
knowledge of the ionosphere. A good deal of patience 
and organization is necessary to get experimental results 
such as are described here between stations separated, as 
in some cases they were, by 2 000 miles or so. 

One of the chief criticisms of the application of this 
work to a practical communications circuit is that a 
number of conditions have to be satisfied. For instance, 
it is necessary to know the distance, and also the height 
of the effective layer of the ionosphere, and if that height 
is going to vary appreciably from time to time the 
mcglulation frequency must be suitably altered in order 
to maintain the control; thus, to apply the authors’ 
work to a communications circuit it appears to be 
essential to keep a complete record of ionospheric 
conditions in order to get the maximum controlling 
effect. 

Those of us who are responsible for using direction¬ 
finders will not think a great deal of the polar diagrams 
which are given in Fig. 10 of the paper by Dr. Green and 
Dr. Builder as being representative of what can be done 
to-day with modern direction-finders. They are, of 
course, intended to show what improvements can be 
effected if a loop direction-finder is used. Except in the 
case of certain mobile receiving systems, however, such 
as those of ships or aircraft, it is not necessary to use a 
loop direction-finder. It is possible that direction¬ 
finding on ships provides a chance to apply the authors’ 
suggestions practically, because ship direction-finders 
operate very largely on beacon signals intended solely 
for that purpose. The stations which transmit these 
signals are at present fitted for modulated continuous- 
wave emission, and if it were merely a question of . 
selecting a particular modulating frequency it would be 
simple to apply the authors’ idea straight away; but the 
real difficulty is that the distance between the receiver 
and the transmitter is variable, and not known at the 
time when the bearing is most required. The modulation 
frequency can only be right for one specific distance, 
apart from any other factors brought in by the variations 
in the ionosphere. Similar remarks apply in general to 
the analogous case of the rotating-beacon transmitter. 

In thinking over this question of the possible applica¬ 
tion of the authors’ work to direction-finding it has 
occurred to me that here is the possible answer to a 
discussion which went on amongst direction-finding 
investigators several years ago over the suggestion that 
the night errors of loop direction-finders were very much 
worse in the case of continuous-wave signals than with 
spark or modulated continuous-wave transmissions.* I 
was then of the opinion that, taking a general view from 
a large mass of miscellaneous data, there was no obvious 
difference between the accuracy of direction-finders used 
with continuous-wave and with modulated continuous- 
wave transmissions; but I can now see that it is possible 
that different investigators may, in certain cases, have 
had the conditions so adjusted, using modulated con¬ 
tinuous-wave transmission, that their errors really were 

* R. L. Smith-Rose : Journal I.E.E., 1925, vol. 63, p. 923. 
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less than in the general case of continuous-wave 
transmissions. 

In the application to broadcasting, as the authors have 
realized, there is the same difficulty of having to adjust 
the modulation frequency according to the distance over 
which it is desired to operate. Essentially in broadcast¬ 
ing, all the receiving sets are distributed over a wide area, 
and one cannot satisfy the control conditions for the 
receivers all at once; but, as Fig. 11 shows, one might be 
able to improve the general conditions, if it is not possible 
to meet the ideal case in every instance. • 

Mr. R. Naismith: Fundamentally, this problem of 
phase fading arises from the existence of two or more 
paths along which the energy may flow from the trans¬ 
mitter to the receiver. The difference in the lengths of 
these paths introduces a time factor which is used as.the 
basis of a method, described several years ago,* to assist 
in the solution of this problem. It is quite obvious that 
if we can receive all the energy coming by the shortest 
path before we receive any of the energy coming by the 
next shortest path, we can have no phase fading. The 
principle of the method is to send the energy in the form 
of an interrupted continuous-wave signal in which the 
interruptions both in recurrence and in duration are 
related to the main paths followed by the energy in 
travelling from the transmitter to the receiver. This 
method has several potential advantages: it tackles the 
problem at its source and therefore increases the efficiency 
of transmission, it has great flexibility, and it may be 
used to discriminate against random noise. 

Drs. A. L. Green and G. Builder and Drs. A. L. 
Green and O. O. Pulley {in reply ): Mr. McPherson’s 
doubts as to the possibility of making practical use of 
the spaced-frequency method of controlling phase-fading 
are irrelevant to the objects of the investigation under 
discussion. In the “ Introduction ” to the first paperf 
we made it clear that the object of the research, parti¬ 
cularly that concerned with short-distance propagation, 
was to make a fundamental investigation of the problem 
of communication on spaced frequencies and to develop 
an experimental technique by which fading control could 
be achieved. No attempts were made to compare the 
usefulness of the spaced-frequency method with the 
results already achieved in other known systems, e.g. 
diversity reception with spaced aerials, vertical directivity 
steering, or local carrier insertion, and it is our opinion 
that the final solution of the problem of minimizing fading 
must lie in combining the good points of all of the avail¬ 
able systems rather than in relying on one method alone. 
This attitude finds considerable support from the practice, 
already common in long-distance telegraphy, of using the 
combination of a wobbled carrier at the transmitter with 
space diversity in the aerials at the receiver. 

In relation to diversity systems, it is of interest to 
notice that the spaced-frequency method of controlling 
fading is essentially a frequency-diversity system, and 

* British Patent No. 422468. 

t “Control of Wireless Signal Variations.” 


that it has the very considerable advantage of giving a 
maximum of improvement in the steadiness of the 
received signal for a minimum of diversity. This achieve¬ 
ment is inevitably Tinked with the necessity to adjust the 
technique in accordance with the prevailing ionospheric 
conditions, and it is easy to see that the other type of 
diversity, with spaced aerials, requires a corresponding- 
adjustment if it*is to be equally efficient. 

In reply to Mr. McPherson and to Dr. Smith-Rose, we 
were somewhat unprepared for the amount of discussion 
on the possibility of applying the spaced-frequency 
method to direction-finding. In a paper of this kind it is. 
proper to call attention to possible applications of the 
fundamental method, but it is left to the specialists con¬ 
cerned to wor^c out the details. At this stage it is. 
probably sufficient to point out that, although the 
optimujn conditions are only achieved when the technique 
has been precisely adjusted to the particular ionospheric- 
conditions, yet th§ addition of suppressed-carrier modula-- 
tion can in no case have an adverse effect on the steadi¬ 
ness of the signal or on*the accuracy of a bearing and, 
on the average, there must be a definite improvement for- 
fche majority of the users of the service. 

In connection with Dr. Smith-Rose’s 10-year-old 
problem of the differences between modulated and 
unmodulated signals for direction-finding, it is gratifying; 
that the fundamental investigation of spaced-frequency 
transmissions is capable of supplying a satisfactory- 
answer in favour of the modulated wave. 

A more exact knowledge of the mechanism of spaced-, 
frequency propagation has also supplied the solution, 
to a problem* encountered in some early work of the- 
Australian Radio Research Board in which an unsuccess-, 
ful attempt was made to use 100-metre waves in the 
Appleton-Barnett frequency-change method of measuring- 
ionospheric heights. On no occasion were sky waves 
detected, and it was concluded that the properties of 
the ionosphere over Australia were very different from 
those previously measured in England. The true solu¬ 
tion, however, is that the transmitter on H.M.A.S., 
“ Platypus ” used in these tests employed full-wave self-- 
rectified alternating current at a frequency of 500 cycles, 
per sec. for the anode supply of the output valves, with, 
the result that the outgoing signals were fully modulated-, 
at a frequency of 1 000 cycles per sec. The recent work, 
now under discussion shows that this frequency of modu¬ 
lation is close to the optimum for suppression of phase- 
interference and of the Appleton-Barnett artificial fading. 

In reply to Mr. Naismith, the pulse method of eliminat-. 
ing phase-fading deserves more consideration than it 
appears yet to have received. It has, however, a number- 
of disadvantages, among which are the wide frequency- 
spectrum required for the transmission of very short 
pulses and the difficulty of applying the system to., 
telephony. 

* “Australian Radio Research Board: Second Annual Report,” Journal op 
the Council for Scientific and Industrial Research,, (Melbourne), i9iib, vol. 3,. 

p. 166. 
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SUMMARY 

Certain symmetrical light distributions described briefly 
by the author in a previous paper are here considered at 
greater length. They possess, among o-^her properties, that 
of producing uniform illumination on the horizontal plane 
in large lighting systems. The effect *of varying the 
spacing/height ratio in a givep. system is here dealt with. 
Alternative methods of testing lighting fittings are described. 
The conclusion is reached that these light distributions may 
in some cases be regarded as the best that could be employed 
in practice, and in others as approximately the best. It is 
pointed out, however, that uniformity of illumination is often 
only one of a number of requirements that have to be met, 
•and practical light distributions may be"modified by thy 
consideration and by the desirability of obtaining a high 
luminous efficiency. 


(1) INTRODUCTION 

If a lighting unit free to move in a vertical line only 
is suspended over a horizontal plane, any point on the 
plane will have maximum illumination produced on it 
when the line joining the point to the lighting unit makes 
a certain angle with the downward vertical. This angle 
is the value of 9 for which the function I sin 2 9 cos 9 
is a maximum, where I is the luminous intensity of the 
lighting unit at angle 6 from the downward vertical. 

In a previous paperf the author has shown that this 
angle (denoted by p.) may be used to calculate values 
•of spacing/height ratio for the lighting unit. For 
example, in the case of four symmetrical lighting units 
suspended at equal heights at the comers of a square 
of fixed size over a horizontal plane, the illu min ation 
on the plane at the centre of the square would be a 
maximum when the length of side of the square was 
V2tan p times the mounting height of the lighting 
units. This formula when applied to well-known prac¬ 
tical light distributions was found to yield values of 
spacing/height ratio in close agreement with those 
actually employed in practice. It was also found 
possible to construct polar distribution curves repre¬ 
senting symmetrical light distributions that would pro¬ 
duce uniform illumination on the plane in large systems 
in which the value of spacing/height ratio was as given 
> the above formula. These curves were termed 
*' optimum polar curves.” 

Ihe term ‘‘dispersive angle ” was applied to the 
angle p, and it was pointed out that it could be found 
experimentally. 

In the present investigation the optimum polar curves 
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are fiast slightly modified to improve the uniformity of 
illumination attained. Their properties are then de¬ 
scribed in greater detail, and the results of varying the 
value of spacing/height ratio in certain installations are 
considered. Alternative methods of determining the 
dispersive angle experimentally are described. In the 
final Section the optimum and practical polar curves are 
compared, and the circumstances are discussed in which 
the former may be considered to be the best possible shape 
for the latter. It is shown that, in practice, lighting units 
have often to fulfil other requirements besides that of 
producing uniform illumination on the horizontal plane, 
and that these, together with the desirability of a high 
luminous efficiency, should be borne in mind when con¬ 
sidering a practical light distribution. The light dis¬ 
tributions described herein are therefore not suitable for 
every purpose, and the term “ optimum ” is applicable 
to them in only a restricted sense. 

(2) CONSTRUCTION OF OPTIMUM POLAR 

CURVES 

In the following account of the method of constructing 
these curves, units of various quantities such as length, 
illumination, etc., are not mentioned, as it is only the 
numerical values that are of interest in the present 
instance. Any consistent system of units could be 
applied to the numerical values given. 

Let Fig. 1 represent the plan of part of a large lighting 
system, the small circles representing lighting units 
arranged in the square formation and illuminating a 
large horizontal plane below. Let the curve TUIi in 
Fig. 1a be the contour curve of illumination on the 
plane produced by one lighting unit, its ordinates repre¬ 
senting to scale the illumination along a straight line 
on the plane passing vertically under the lighting unit, 
which is assumed to be suspended above the point S.' 
The base-line SH represents the diagonal of a square 
such as LjLg in Fig. 1. The 21 ordinates in Fig. 1a are 
marked 0 to 20 respectively at their feet, and they divide 
the base-line SH into 20 equal parts. Along each 
ordinate is written two numbers; the first gives the 
length of the ordinate, and the second, in brackets, gives 
the product of this with the number at the foot of the 
ordinate. 

The curve KUV in Fig. 1a is such that its ordinates 
are inversely proportional to the square of its abscissae; 
and the fact that the contour curve touches this at U, 
and at all other points lies below it, ensures that PS 
subtends the dispersive angle at the lighting unit. A 
proof of this may be found in the author’s previous 
paper, f FUA is the common tangent to the curve KUV 
and the contour curve. 

t Loc. cit. 
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The lengths of the ordinates of the contour curve were 
found by trial and error, and they are such that the 
illumination on the plane in Fig. 1 due to all the lighting 
units is as uniform as possible. The values of illumina- 
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tion at the “ test points ” L t , E, F, G, H, K, M, N, P, 
Q, R, S, and T, in Fig. 1 are on or between the limits 
4-005 and 3-995. These test points are such that they 
divide the sides of the triangle LjHP into four equal 
parts, and T is the centroid of the triangle. The possi¬ 
bility of giving the values of illumination at the test 


result of a similar division, the only object of which was 
to simplify the arithmetical work. 

A comparison q$ this curve with that given in the 
author's previous paper* will show but very slight 
difference between them. Such difference as exists is 
to be accounted for by the greater uniformity of illu¬ 
mination attained in the present case. The uniformity 
ratio in the present instance is 99-75 %, as against 
97-25 % attained previously. 

As the values of illumination at the test points given 
above are those due to light coming direct from the 
lighting units only (i.e. with no addition for light reflected 
from a ceiling), the average illumination over the plane 
due to this direct* light should agree in value with that 
at the test points. This average illumination can be 
found from the quantity of luminous flux emitted by 
one lighting unit. Referring to Fig. 1a, if E is the 
illumination at distance l from the point S the luminous 


• « 

flux from one lighting unit will be given by 2 tt 


r2u 

Eldl. 


The value of the integral would be the area under a 
curve on base-lfhe SH (Fig. 1a) having ordinates corre¬ 
sponding in position to those of the contour curve but 
of length given by the figures in brackets on those 
ordinates. There is no necessity to draw this curve to 
find its area, as, the number of ordinates being odd, it 
may be found by applying Simpson’s rule to the figures 
in brackets. The area so found, taking the length of 
the base-line SH to be 20, proves to be 127-206, which 
gives 127-206 X 2 tt ~ 799-26 as the quantity of lumi- 



poiuts to three decimal places, and the lengths of the 
ordinates of the contour curve to four, is due to the fact 
that the contour curve was first drawn to a large scale, - 
and when its shape had been finally determined by the 
condition that the illumination at the test points must 
be as nearly equal as possible, the values of the ordinates 
were all divided by the value of the mid-ordinate at P, 
thus making the latter unity. The values of illumina¬ 
tion at the test points quoted above are of course the 


nous flux. The average illumination over the plane 
would be obtained by dividing this quantity of flux by 
the area of the plane associated with each lighting unit 
in Fig. 1, i.e. by the area of a square whose diagonal 
is 20 (the diagonal being equal to SH on Fig. 1a). Hence 
the average illumination is 799-26 divided by 200, 
i.e. 3-9963. The agreement with the values at the test 
points is thus excellent, as it lies between the limits 

* Loc, wit. 
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found at those points. This value for the average illu¬ 
mination is of great accuracy, the only approximate 
process employed during its derivation being the use of 
Simpson's rule to evaluate the area; and as the number 



of ordinates was as high as 21 and the bounding curve, 
if drawn, would be found to be smooth, this error may 
be neglected. 

With reference to the area evaluated by Simpson’s 
rule, 65-4 % of it lies to the left-hand side of the mid¬ 


possible to prove that the slope of the contour curve TUH 
in Fig. 1a must be zero at T and H. 

To construct a polar curve having the dispersive 
angle /a from this contour curve, the lighting unit must 
be assumed to be at a height vertically above S such 
that PS subtends this angle at the lighting unit. The 
luminous intensity I at any angle 6 from the downward 
vertical may then be found from the equation 

• _ 100 .®_ 

• * tan 2 j.i cos 3 # 

where E is the illumination produced on SIT by light 
emitted at this angle. The coefficient 100 appears in 
the formula as the result of assuming SH to be 20 units 
in tength. 

The selection of the arrangement of lighting units in 
Fig. 1 for the purpose of producing uniform illumination 
was quite arbitrary, and it was therefore considered 
advisable to ascertain whether it could be produced with 
the lighting units arranged as in Fig. 2, in which they 
are placed at the corners of rhombuses having an acute 
angle of 60°. The test points in this figure are L,, E, F, 
G, H, M, P, Q, R, S, and T, which divide the two longer 
sides of the triangle LjHP into four equal parts and the 
shortest side into two equal parts, and T is the centroid 
of the triangle. The contour curve in this case is shown 
in Fig. 2a, of which the base-line SIT represents to scale 
twice the length I^P in Fig. 2, and all the other features 



ordinate at P in Fig. 1a, and hence the same percentage 
of the luminous flux is similarly located. 

The illumination along any straight line in the plane 
in Fig. 1 would be derived from a number of lighting 
units, and if the illumination from each were plotted 
along the line as a base, the sum of the values of illu¬ 
mination at each point should of course be constant. 
It follows from this that the algebraic sum of the slopes 
of the various curves at each point should be zero. By 
applying this condition to the point L., considering it 
as being in the straight lines L 10 LjL 4 and LgLjL^, it is 


bear a precisely similar explanation to those of Fig. 1a. 
The results obtained by this contour curve may be 
summarized thus:— 


-Xli LAXX i. ill Cl, LI UII 

Minimum illumination at the test point 
Uniformity ratio 

Average illumination calculated from lum 
ous flux 


Percentage of total flux on left-hand side 
of mid-ordinate 


3-005 
2-995 
99-67 % 

2-999 

67 % 
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In this case also the slope of the contour curve at 
T and H (Fig. 2a) can be proved to be zero. 

Polar curves can of course be obtained from this curve 



in the manner already described in connection with 
Fig. 1a. 

In Fig. 3 two polar curves are superimposed, that in 
full lines being obtained from Fig. 1a, and the dotted 
curve from Fig. 2a. Both curves have the same dis¬ 
persive angle (50°) and the same quantity of luminous 


that the consideration of the latter disposition of lighting 
units involves the introduction of more complicated and 
less familiar formulae for the spacing/height ratio. 

(3) PROPERTIES OF OPTIMUM POLAR CURVES 

Optimum polar curves for values of spacing/height 
ratio of 0-5, 1, ^-5, 2, 2-5, and 3, respectively, derived 
from Fig. 1a, are shown in Figs. 4 to 9 inclusive. Super¬ 
imposed on each is the circle representing mean spherical 
candle-power, and radii vectores are drawn at the dis¬ 
persive angle. Below each is written the value of the 
dispersive angle ji, the angle of cut-off a, and the 
spacing/height ratio n. 

It has been explained that n is given by the formula 
\/'2 tan jx. Th£ angle of cut-off is the maximum angle 
below the horizontal within which no light is emitted, 
and fr<3m information in the preceding Section there 
will be no difficulty in seeing that this is given by 
cot a = 2 tan p,. * * 

It may also be seen from the preceding Section that 
in all these curves 65-4 % of the luminous flux is emitted 
below the dispersive angle and 34 • 6 % above it, and that 
the vertical radius vector must be a normal to the curve. 



hux. The curves are so similar that it seems unneces¬ 
sary to investigate the properties of such curves derived 
from both Figs. 1a and 2a, as these properties would be 
very similar. In what follows, therefore, only polar 
curves derived from Fig. 1a will be considered. The 
reasons for this selection are firstly that the disposition 
■of lighting units shown in Fig. 1 is more frequently 
encountered than that shown in Fig. 2; and secondly 


Inspection of these curves shows that they consist of 
one lobe when the value of spacing/height ratio is low 
and two when it is high, the intermediate condition 
occurring when it is approximately 1*5. The curve for 
this condition (Fig. 6) is consequently somewhat flat on 
the underside. The proportion of the area of the curve 
above the dispersive angle increases as the spacing/height 
ratio is increased. 
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(4) APPLICATION IN LARGE LIGHTING 
SYSTEMS 

To complete the investigation of £he performance of 
these light distributions in large systems it is necessary 
to consider the effect of varying the spacing/height ratio 
in a given installation. 

If a lighting unit were placed in the centre of each 
of the squares such as LjLgLgL^ in Fif;. 1, these addi¬ 
tional lighting units would in themselves form a system 
identical with Fig. 1. If, therefore, the lighting units 
in Fig. I produced uniform illumination, that due to 
the additional lighting units would also be uniform and 
hence the total illumination on the plane would remain 
uniform. The spacing/height ratio -frould be reduced, 
however, to 1/^/2 times its previous val^e. The process 
may obviously be repeatecL indefinitely, so that the 
opt im um polar curves produce uniform illumination 
when the spacing/height ratio n is \/2 tan /x, tan 
(1/V2) tan jx, | tan^, . . . etc. The largest interval 
between successive values in this series occurs between 
the first two, and it was therefore considered advisable 



Fig. 10 


These curves show that the minimum illumination 
on the plane would be 70 % of the maximum when 
n/(-\/2 tan /x) had the value 1-34, and 50% when it 
had the value 1-46. The former value for the uniformity 
ratio is, however, found acceptable in practical installa¬ 
tions, and so also is the latter when the values of 
illumination are high. It may therefore be concluded 
that lighting units having these polar curves could be 
employed in large systems at values of spacing/height 
ratio up to 34 % above that given by the formula 
y2 tcfn fx, and in certain circumstances up to 46 %. 
above this figure. 

It is evident that a large latitude is permissible in the 
value of spacing/height ratio at which these light dis¬ 
tributions can be used in extensive systems, which is a 
satisfactory condition from the practical point of view. 

(5) APPLICATION IN SMALL LIGHTING 
SYSTEMS 

In Fig. 11 let PP-j^ represent the elevation of a circular 
plane having a lighting unit suspended at O above its 
centre S. In order that the illumination at P and P 2 
should be a maximum the angle POS should be the 
dispersive angle of the lighting unit. In Fig. 11 it is 



to ascertain, the uniformity ratio for values of n between 
these two. The results obtained were as follows:— 

When n — 1-239 tan /x uniformity ratio = 96 % 
When n — 1-125 tan fx uniformity ratio = 97 % 

The uniformity ratio is the ratio of minimum to maxi¬ 
mum values of illumination occurring among all the test 
points. The above values for it are sufficiently high to 
justify describing thb illumination as uniform for prac¬ 
tical purposes. 

It may therefore be affirmed that the optimum light 
distributions produce uniform illumination, not only 
when the spacing/height ratio is \/2 tan jx but also when 
it has any lower value. 

In order to show the variation in illumination when 
n is greater than -\/2 tan jx Fig. 10 has been prepared. 
This figure shows values of maximum and minimum 
illumination occurring among all the test points, plotted 
as ordinates against values of n/(y'2 tan /x) as abscissae, 
the value of average illumination being taken to be unity. 
The upper curve represents values of maximum illumina¬ 
tion, and the lower curve values of minimum illumination. 
The two curves coincide when n/(-\/2 tan [x) is unity 
or less. 


46° 30', the dispersive angle of the steel reflector fitting 
standardized in B.S.S. No. 232—1935. The polar curve 
of this fitting is shown dotted at O.* Superimposed on 
this is shown in full lines the optimum polar curve 
having the same dispersive angle and the same quantity 
of luminous flux. The contour curves corresponding to 
these two polar curves are shown in dotted and full lines 
respectively on PPj as a base-line below. It will be 
seen that the illumination on the plane due to the 
optimum light distribution is more nearly uniform than 
that due to the British Standard reflector. In the 
former case the ratio of minimum to maximum illu¬ 
mination is 0-395 and in the latter case it is 0-23. The 
average illumination on the plane also is higher in the 
former case as the optimum light distribution emits 
65 • 4 % of its flux below the dispersive angle, as against 
60 % emitted by the British Standard reflector. This 
illustrates the fact that in small installations the optimum 
light distribution would usually give more uniform illu¬ 
mination than a practical light distribution under similar 
conditions. 

* This curve is reproduced by permission of the Controller of H.M. Stationery 
Office. It is taken from Technical Paper No. 3 of the Department of Scientific 
and Industrial Research, entitled “ Light Distribution from Industrial Reflector 
Fitting No. 1 (British Engineering Standard).” 
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In the case of the optimum light distribution, however, 
it is necessary to investigate how the illumination at P 
will vary as the lighting unit at O is raised or lowered 
vertically. If 9 is the general symbol for the angle POS, 
/r being the particular value when this angle is the 
dispersive angle, it is convenient to plot the illumination 
at P against the ratio tan 0/tan p,. The curve so 
obtained is then applicable to any optimum light dis¬ 
tribution and it is shown in full line in Fig. 12, in which 
the illumination at P is assumed to be unity when 

6 — [i. • 

From this curve it can be seen that the illumination 
at P is 70 % of the maximum value, or greater when 
tan 0/tan p, is between the limits 0 • 63 and 1-44. There¬ 
fore in the case of four lighting units at the comers of a 
square of fixed size the spacing/height ratio may t>e 
varied between 63 % and 144 % of the value given by 
the formula i/2 tan p without the illumination at the 
centre of the square falling below 70 % of its maximum 


In practice it would be found necessary to plot values 
of E, the illumination at P, against some function of 
the height of the Mghting unit, and if it was plotted 
against tan 9 [9 — angle POS) curves similar to those 
in Fig. 12 would be obtained. The horizontal axis 
would be scaled in numerical values of tan 6, but this 
would make no difference to the shape of the curves. 

In Fig. 12 the point at which E is a maximum is more 
sharply defined in the case of the optimum light dis¬ 
tribution than in the case of the British Standard 
reflector. To avoid any difficulty which might arise in 
determining this point in cases in which it is not sharply 
defined, it would be convenient to draw a curve such 
as ABC in Fig. 12. This curve is such that it bisects 
the horizontal chords of the curve of which the maximum 
point is required; e.g. A is the mid point of DL, B of FG, 
etc. When produced this curve should pass through the 
maximum point as it does at C. Determined in this 
way there need be'no ambiguity abdut the value of the 



value. The latitude allowable in the value of spacing/ 
height ratio in small lighting systems is thus sufficiently 
great for practical purposes. 

The variation of the illumination at P due to the 
British Standard reflector fitting is shown by the dotted 
curve in Fig. 12. It falls away from its maximum value 
as the height of the lighting unit is varied more slowly 
than that due to the optimum light distribution. This, 
however, is compensated by the fact that the maximum 
illumination at P due to the British Standard reflector 
fitting is only 75-7 % of that due to the optimum light 
distribution. 

(6) THE TESTING OF LIGHTING FITTINGS 

In his previous paper* the author pointed out that 
the dispersive angle might be found experimentally. 
The method suggested was to suspend the lighting unit 
under test as at O (Fig. 11), place a portable photometer 
at P with its registering surface horizontal and facing 
upwards, and then raise or lower the lighting unit until 
the photometer showed maximum illumination. The 
angle POS would then be the dispersive angle. 

* Loc. cit. 


dispersive angle. If the dispersive angle is not sharply 
defined it is an advantage in one respect, as it permits 
the spacing/height ratio to be varied more widely from 
the value \/2 tan p without noticeably decreasing the 
illumination on the plane. The dispersive angle of the 
British Standard reflector is thought to be less sharply 
defined than that of most practical lighting units. 

The curves in Fig. 12 may also be found experimentally 
without raising and lowering the lighting unit. If the 
distance SP in Fig. II is l, the illumination E registered^ 
by the portable photometer at P would be given by 

E — 4 sin 2 6 cos 6 

where 6 is the angle POS and I is the luminous intensity 
of the lighting unit at this angle. When the lighting 
unit is raised and lowered l is constant, so that the 
photometer readings are proportional to I sin 2 9 cos 0. 
If the lighting unit were stationary and the value of l 
varied by moving the photometer horizontally along PP X 
the photometer readings multiplied by Z 2 would be pro¬ 
portional to I sin 2 9 cos 9 and tan 9 would be propor- 

42 


Vol. 80. 
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tional to l. Hence the curves in Fig. 12 may be produced 
in practice with the lighting unit stationary, by plotting 
El 2 to a base of l. The tangent of* the dispersive angle 
would then be found by dividing the value of l at which 
El 2 was a maximum, by the mounting height of the 
lighting unit. 

(7) COMPARISON OF OPTIMUM AND PRACTICAL 
POLAR CURVES 

When a practical polar curve is compared with the 
optimum polar curve having the same dispersive angle, 
it is usually found that the latter has a lower value for 
the ratio cos 3 p), where I Q and I /x are the values 

of luminous intensity vertically downwards and at the 
dispersive angle, respectivejy. The value of this ratio 
in all the optimum curves is about 2*5, it being*the ratio 
between the illumination at S and that at P (Figs 1a 
and 11). In practical polar curves* this ratio may lie 
between 4 and 6. The lower^value of this ratio in the 
optimum polar curves seems to be the inevitable con¬ 
sequence of the fact that they produce*uniform illumina¬ 
tion, as those practical polar curves having a high vafue 
for this ratio produce unduly high illumination vertically 
below the lighting units in large systems. The author 
has suggested* that this ratio might be used as a 
criterion applicable to practical light distributions and 
indicating their suitability or otherwise for producing 
uniform illumination. This ratio can easily be found 
experimentally. 

The optimum polar curves also usually have a larger 
angle of cut-off than a practical polar curve with the 
same dispersive angle. The advantages of a large angle 
of cut-off are a reduction in the number of lighting units 
required to produce the full value of illumination at a 
local part of the plane in a large system, and a reduction 
in glare. 

The first advantage may be illustrated by reference 
to Fig. 1. If the lighting units depicted there had 
optimum light distributions and were suspended at the 
appropriate value of spacing/height ratio, it would only 
be necessary to switch on those marked Lj to L 4 inclusive 
to produce the full value of illumination at P. If, how¬ 
ever, the British Standard reflector were used, L x to L 12 
inclusive would be required for this purpose. 

The disadvantages of a large angle of cut-off, apart 
from any loss in luminous efficiency involved, are that 
it may make it undesirable to suspend the lighting units 
at less than a certain mounting height, and that the 
shadows cast on the plane by a body projecting above 
•it would be slightly deeper in intensity. 

With regard to the first disadvantage the point is that 
a person walking about under the lighting units should 
not be liable to get into positions where his head was 
not in the direct light from the lighting units, as in 
these circumstances it might become difficult to recog¬ 
nize him. In the system shown in Fig. 1, the position 
where this would be liable to occur, if it occurred at all, 
would be P. Assuming that optimum light distributions 
at the appropriate value of spacing/height ratio are used, 
the condition that must hold to prevent this occurring 
is that the lighting units must be at least as far, vertically, 

* Loc. cit. 


above the person’s head as the latter is above the plane. 
A consideration of the information previously given 
regarding the angle of cut-off will make this readily 
apparent. Taking practical figures, if the plane is 3 ft. 
above the floor-level and the person 6 ft. high, the 
minimum height of the lighting units above the floor 
should be 9 ft. Hence lighting units intended for sus¬ 
pension at this height or less should have a smaller 
angle of cut-off than that in the optimum polar curves. 
It so happens, however, that a reduction in the angle 
•of cut-off in these curves entails only a small sacrifice 
of the uniformity ratio on the plane; for example a 
reduction of the angle of cut-off in Fig. 6 from 25° 14' 
to 20° caused the uniformity ratio on the plane to fall 
only 5 %, i.e. to 95 %. This modification therefore 
presents no difficulty and it would be confined to low- 
power lighting units as it is only such that are suspended 
at a height of 9 ft. or less above the floor. 

It is difficult to assess the importance or otherwise of 
the second disadvantage of a large angle of cut-off 
mentioned above. The increase in the depth of shadows 
is attributed to the reduction in the number of lighting 
units contributing to the illumination at any one point 
in the plane. The number contributing to each of the 
test points in Fig. 1 would be as follows:—at L x , 5; 
E, 7; F, 7; G, 7; H, 6; K, 6; M, 6; N, 4; P, 4; Q, 4; 
R, 6; S, 6; T, 7. Each test point is not far from the 
centre of its respective group of lighting units. As the 
number of these is never less than four the shadows 
cannot be much more troublesome than those produced 
by a body at the centre of four lighting units arranged 
in a square. This is not a very unfavourable condition, 
and where the lighting units are suspended at 9 ft. or 
less above the floor it would be ameliorated in any case 
because it has been found advisable to reduce the angle 
of cut-off in these for another reason. It is possible, 
however, that lighting units of moderate power for 
suspension at a height slightly greater than 9 ft. above 
the ground might also with advantage have the angle 
of cut-off slightly reduced. In the case of high-power 
lighting units, however, say of 500 watts or over, it 
seems best not to reduce it at all. The reasons for this 
are, that an installation of high-power lighting units 
would have to be very extensive and singularly free 
from obstructions for many of the lighting units to 
contribute to the illumination at one part of the plane, 
and the two advantages of a large angle of cut-off, given 
above, would be particularly applicable to high-power 
lighting units. 

The two disadvantages of a high angle of cut-off, 
given above, would not apply to totally indirect-lighting 
units, which have only to illuminate a white ceiling; 
neither would they apply to lighting units for exterior 
installations, as in public squares, etc., as these are 
always mounted high, and the increase in depth of 
shadows would not be of any moment. 

It appears, therefore, that when the only requirement 
to be met is that the illumination on the horizontal 
plane should be uniform, the optimum light distributions 
may be considered to be the most suitable in exterior 
installations as in public squares, in totally indirect 
interior installations, and in direct interior installations 
in which high-power lighting units are used. For direct 
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interior installations of medium- or low-power lighting 
units, similar light distributions with a slight reduction 
in the angle of cut-off would be most suitable. 

It would be a mistake, however, to assess the per¬ 
formance of a practical lighting unit entirely by the 
extent to which its light distribution agreed with one of 
the optimum light distributions described here. A high 
luminous efficiency is often of more importance than the 
shape of the polar curve, and in many practical cases it 
would no doubt be better to sacrifice the latter con¬ 
sideration to the former, if they cannot be obtained 
together. Also, practical lighting units often have to 
fulfil other requirements besides that of producing 
uniform illumination on the horizontal plane. It is 
frequently necessary to illuminate the walls of a room 
in interior installations or of a building in exterior 
installations. Sometimes fittings for interior installa¬ 


tions are required to illuminate both floor and walls and 
throw sufficient light on the ceiling to bring out archi¬ 
tectural features o£ to relieve the gloomy appearance of 
a dark ceiling. The opinion is held by some that perfect 
uniformity of illumination is undesirable as it induces 
a feeling of depression. Thus the greatest care is 
necessary in drawing conclusions from the comparison 
of a practical fight distribution with those described 
here, and particular attention should be paid to the 
question of luminous* efficiency. 

The use of the term “ optimum ” in connection with 
the light distributions described here is justified only 
under certain conditions, as they are not the best that 
could be used in* every circumstance. It was found 
necessary, howtver, to employ some designation for 
them, and the alternatives, available did not commend 
themselves so much as that used. 


DISCUSSION ON 

“A REVIEW OF RECENT DEVELOPMENTS IN RURAL 

ELECTRIFICATION ’ 1 ’* 

WESTERN CENTRE, AT EXETER, 22ND FEBRUARY, 1937 


Mr. H. F. G. Woods : The price at which electricity 
is being offered to consumers in Dumfriesshire appears 
to be particularly low, having regard to the thinly popu¬ 
lated and mainly agricultural character of the area. It 
is no doubt largely due to so favourable a price, coupled 
with the author’s own initiative, that the remarkable 
development of the area is to be attributed. 

In his introductory remarks the author made no 
reference to the financial results of the operation of the 
undertaking, and from the figures which have been given 
relating to the number of consumers and their average 
consumption I should be surprised to learn that the 
undertaking is yet self-supporting. It would, I think, 
be of general interest if he would give a statement of the 
total sales of energy in the last financial year with the 
corresponding figures of gross and net revenue, and also 
of the ratio of operating expenses to gross revenue. 

The second point to which I would refer is the use 
of earth-leakage circuit-breakers for the protection of 
consumers' installations. Circuit breakers of this type 
are comparatively delicate pieces of apparatus, and are 
liable to get out of order. Although failures are not to 
be expected to be of frequent occurrence they are bound 
to happen sometimes, and even if the chance of failure 
is as low as 1 in 1 000 the effect is that one consumer in 
every thousand is exposed to the very risks which circuit 
breakers are installed to prevent. The quick discon¬ 
nection from the system of any apparatus which may 
develop a fault to earth is a matter of primary impor¬ 
tance to all undertakers who operate in rural areas. For 
achieving maximum security in this respect I suggest 
that the alternative system of multiple earthing promises 
to be not only more effective but also less costly and 
more reliable. I think it would be generally helpful if 

* Paper by Mr. D. Ross (see vol. 77, p, 797), 


the author would state the reasons which induced him 
to install earth-leakage circuit-breakers rather than to 
adopt a system of multiple earthing with neutral con¬ 
ductors connected to earth through earth electrodes at 
sufficiently frequent intervals, with an earth-continuity 
conductor installed on each consumer’s premises to 
connect the frames of all appliances together and to the 
neutral conductor of the system as well as to a local 
earth. 

Mr. T. H. Rogers: I find no mention in tire paper 
of means for regulation of voltage. On rural schemes 
where one has to tap 11-kV lines for each farm and to 
tap 33-kV lines at intervals of, say, 5 miles, it is difficult, 
with the small revenue available, to justify voltage- 
regulator equipment. I should like to ask the author 
whether any such means has been found necessary and 
what system, if any, has been adopted. 

Mr. J. Dempsey: In Dumfriesshire the author was 
faced with the problem of providing, on a sound financial 
basis, supplies of electricity to a rural population of 
approximately 62 000 scattered over an area of 1 060 
square miles. To appreciate his achievement fully it must 
be remembered that the average density of population 
of the rural areas of Great Britain is approximately 130 
persons per square mile. The fact that the author has 
managed to sell to the extent of 1 000 units per consumer 
per annum should act as an incentive to the supply 
industry as a whole. 

In regard to overhead-line distribution in rural areas 
generally, it would appear that extreme simplicity and 
cheapness in layout, such equipment and layout being 
suitable for future standard expansion, is essential in the 
first instance, to ensure a suitable return on capital 
expenditure, at least by the end of the fourth year of 
working. As the author’s system has now been operat- 
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ing for approximately that period of time, I should be 
glad to know what return is being shown against Ins 

capital expenditure. • 

Nowadays most towns are encircled by a cable system 
of e.h.t. ring mains, generally laid in the fringe areas or 
thereabouts, and it is suggested that the overhead-line 
rural distribution should start from one of the substations 
of such a ring-main system, and returft. in the foim of 
a rural ring main, after having served the most suitable 
load points, to another substation of the same ring mam 
or syste m. This arrangement could be repeated through¬ 
out the rural perimeter, and the rural lines themselves 
could be paralleled where such demands called foi 
development. The following advantages would appear 
to accrue: (1) Shortest runs of rural •overhead lines, 
covering only the areas tlipy are intended to seive, 
namely the rural areas. (2) Employment of .step-up 
transformers initially avoided. (3) Reduced voltage- 
drop owing to the,cable ring mainland overhead-line 
ring-main system being supplied from both ends, and 
avoidance thereby initially of voltage-regulating equip¬ 
ment. (4) Two-way supplies available ^t each terminus 
of the rural ring mains, where these are tapped frofh 
the substations of the cable ring mains, these supplies 
being controlled by the more elaborate and selective 
protective gear which it is generally more economically 
possible to fit on cable systems. (5) Reduced short- 
circuit kVA available on the rural lines, owing to remote¬ 
ness from main source of supply; hence less expensive 
switchgear and more selective operation of relays and 
fusegear. In addition, reflections from the overhead 
lines, due to atmospheric conditions, etc., are damped 
out in the underground cables before striking the main 
source of supply. (6) All-round switching flexibility 
for repairs and maintenance. 

The advantages of the more homogeneous copper-clad 
steel conductor are advocated, especially for the smaller 
sizes of lines, and I should be glad to have the authoi s 
remarks on this. Reference is made to the apparently 
successful method adopted in certain areas of running 
the main 3-phase lines with one conductor earthed. A 
material saving in insulator costs, and reduction of 
outages, is claimed for this method, but it necessitates 
a step-up transformer in the first instance. 

I consider that the author is taking a step in the right 
direction in the general use of earth-leakage circuit- 
breakers, in view of the high earth resistances very often 
obtained in rural areas. The results obtained from efforts 
to reduce this resistance by the application of various 
salts and electrolytes around the electrode are unsatis¬ 
factory and of a temporary nature. I should be glad 
to know whether the author has experienced any troubles 
in the working of the circuit breakers he has installed. 

Mr. D. R. Beckett: I note that in localities where 
earthing involves difficulties the author uses earth- 
leakage'" circuit-breakers for the earthing of the trans¬ 
former neutral points, in addition to their use on con¬ 
sumer’s premises, and that he states that satisfactory 
discrimination is obtained. I should like to know what 
setting he has found most satisfactory for the earth- 
leakage circuit-breakers at the transformers in order to 
obtain this discrimination. 

Mr. J. W. Spark: I am agreeably surprised at the 


sales achieved with the tariff adopted, which no doubt 
is low for this class of supply. Good salesmanship and 
service on the part of the author’s undertaking are very 
evident. 

The author described a low-priced cable suitable for 
rural work; I have never understood why any cable at 
an attractive price which gives satisfactory results in 
rural areas should not give satisfaction in urban areas. 

I quite appreciate that longer untapped lengths are used 
in Vural supplies and that voltage-drops have to be con- 
i^ndecl with, but similar problems in relation to voltage 
have to be contended with on any system. I should 
like more information on the subject. 

Regarding the author’s remark that " H ” poles are 
generally not necessary, I should like to ask whether in 
iiutny cases the job could not be done more satisfactoiily 
with “ H. ” poles instead of with the wood poles reinforced 
with steel supports shown on the screen. 

Mr. G. C. R. Ridge: Although the 3-phase. 4-wire 
system is slightly more costly, this disadvantage is more 
than compensated for by the fact that it will transmit 
considerably more energy than the single-phase 3-wire 
system. This is an important factor which does not 
appear in the comparison given in the paper, and I 
should be glad of the author’s comments upon it. 

Mr. C. C. Hodges: I am not in favour of the method 
of fusing 11 000-volt spur lines at the teeing-off point 
with no further protection or isolation at the trans¬ 
former. Do not the Electricity Supply Regulations 
require that there shall be a. means of isolation always 
within sight of an operation on the transformer ? 

Mr. E. W. Faithfull: I am particularly interested 
in the section of the paper dealing with earthing, and 
I agree that it is impossible to obtain a satisfactory 
earth in districts without a public water supply. The 
usual method of employing an earth plate, or a large- 
diameter pipe buried or driven in the ground, is far from 
satisfactory, as the resistance to earth will vary with 
the nature and state of dampness of the soil, and even 
under good conditions a low resistance is unobtainable. 
The author advocates the use of earth-leakage circuit- 
breakers to overcome this difficulty. In these circuit 
breakers a very fine-wire coil is used to actuate the 
switch, and the only connection with earth that the 
apparatus to be protected can have is through this coil. 
I suggest that a danger exists that, in the event of the 
trip coil becoming burnt out or the connection being 
broken through any cause, the relay will not only fail 
to function but the apparatus to be protected will be 
entirely insulated from earth; and, if a fault then occurs, 
fatal results may follow. I appreciate that a test key 
is always provided and that the arrangement may be 
tested from time to time to ensure that the coil will 
operate, but even this is no proof that operation will be 
certain under fault conditions. I should like to know 
whether the author has experienced any trouble of this 

nature. ..... ,, 

Mr. W. Roberts: In his statement justifying the use 

of single-phase rather than 3-phase motors for farm 
equipment, the author only deals with first cost, but 
when making out a case for small transformers fully 
loaded as against larger transformers lightly loaded he 
adds running costs over a year at the very high figure 
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of 2d. per unit. I suggest that if the question of single¬ 
phase motors is dealt with on the same lines the bad 
efficiency and power factor of the single-phase equip¬ 
ments as compared with 3-phase machines will not allow 
him to arrive at the same conclusions. Admittedly this 
will not affect the undertaking, but surely the extensive 
recommendation of single-phase machines is going to 
hamper development. The other point that arises is 
that the undertaking pays the cheap part of the com¬ 
bined total, whereas the consumer presumably pays* for 
the single-phase motors, i.e. the expensive portion of 
the combined total. 

Mr. A. L. Keet: I admire the author’s simple and 
neat method for fixing transformers to main-line trans¬ 
mission poles; these methods could be used with advan¬ 
tage in S.W. England instead of some of the more cum¬ 
bersome arrangements at present in use. 

It is interesting to record that in a typical village in 
the rural area of the Exeter Corporation where no gas 
supplies are available the conditions are as follows. 
Number of houses, 230; number of consumers, 219; 
average annual consumption per consumer, 950 units; 
average price per unit obtained, 1 • 6d. 

T should he glad if the author would state the average 
price obtained per unit in Dumfriesshire. 

It would be interesting to have details as to the cost 
of the neat e.h.t. fuse adopted by him. Has he experi¬ 
enced much trouble due to gales,, and, if so, what has 
been the nature of the trouble which has arisen. 

Mr. D. Ross {in reply) : In reply to Mr. Woods, I 
purposely omitted reference to the financial results of 
the undertaking with which I am engaged as these wi 
be the subject of another paper. I would, however, refer 
M'r Woods to the Electricity Commissioners Return at 
Engineering and Financial Statistics, which I think will 
give the desired information. I should like to confirm, 
however, that the undertaking is self-supporting. 

With regard to the adoption of earth-leakage protection 
in preference to multiple earthing, this was only agreed 
upon after careful consideration, not only of the imtia 
cost but also of the performance under actual working 
conditions, and 3 years’ experience has fully justified th. 
choice. Whilst it is admitted that any piece of mcch 
anism may become sluggish and get out of order 
conditions are no worse than m the present system o 
earthing, where an earth connection can become^dis¬ 
connected. Moreover, there is no doubt that with more 
experience and further experiments an improved earth- 
leakage breaker can be produced which will give 100per 
cent protection, and I have actually examined and tested 
a new design without toggle mechanism which shou 
overcome the present objections to this meth P 
tection. The multiple earthing system would^only be 
efficacious on a developed network as at the nutaalstag f 
few earth plates would be installed a , i 

premises, with the result that the earthing of theneutral 
beyond a “break" would be doubtful. Mo , 
eiiRefra.+inn “ earth ” resistance be high (which 


should the substato “ earth ” resistance be high (which 
is very likely) a “ break" would obviously cause a rise 
nf voltage on the neutral on the substation side of the 
•'teotScT The protection afforded by this method is, 
therefore, very problematical, and will depend on the caie 
exercised in establishing low-resistance earth plates along 


the route of distribution. The cost of installing addi¬ 
tional earth plates could easily exceed that of earth- 
leakage protection, whereas, excepting the substation 
earth-leakage circuit breaker, with “ all insulated" 
installations the consumers’ earth-leakage protection 
will only become necessary as cooking, heating, and 
power load, is connected. 

Mr. Rogers raises the question of voltage regulation, 
and in reply I would state that the only regulation 
provided in the meantime is on the 33/11 kV stepdown 
transformers, which have automatic on-load tap-chang¬ 
ing gear, and on very long 11-kV lines, where automatic 
booster transformers are installed. As the load develops 
and the losses ajicl expense justify it, the 11-kV to 
400-volt step-down transformers at the main distribution 
centres will also be provided with automatic on-load 
tap-changing gear. Mr. Rogers mentions the tapping of 
33-kV fines at intervals of 5 miles: tins arrangement does 
not appear justifiable on a rural distribution scheme with 
an extensive 11-kV distribution network. I would suggest 
that intervals not less* than 10 miles would be more 
economical. Naturally the interval will depend on local 
conditions, and*as I am not familiar with Mr. Rogers’s 
area I am unable to give any definite views. 

Replying to Mr. Dempsey, I would refer him to my 
reply to Mr. Woods regarding the financial results of the 
operation of the undertaking. I disagree with Mr. 
Dempsey’s suggested arrangement for a rural distribu¬ 
tion system. Whilst it might be applicable to a small 
rural area on the fringe of an urban distribution system, 
it would be quite impracticable in the case of an extensive 
area covering, say, 500 square miles, where the control of 
each feeder at some central point is desirable. Dealing 
in turn with the advantages claimed: (1). Would only 
apply in restricted areas and depends entirely on loca 
conditions, (2) Would appear to have mi mmd 6-6-kV 
urban distribution, and as 11 kV is the voltage generally 
employed on rural distribution step-up transformer are 
not required. (3) This method can be equally applied 
to the usual system of combined radial and rmg-mam 
feeders (4) The same advantages occur on the standard 
system (3). (5) This point is not appreciated as the 

short-circuit kVA on rural lines is comparatively small 
and can readily be dealt with by the smallest standard 
sizes of switchgear manufactured. The operation o 
relays is rendered more selective by the simpler arran D - 
ment of feeders and interconnections on the staadar 
system (3). The employment of underground cabl 
overhead-line terminations to damp out suig 
lightning disturbances is not considered satisfactorj as 
not only is the effect uncertain but there is the risk ol 
damaging the cable and also causing interruptions to 
suS ol the underground system. (6) The same degree 
of switching flexibility is obtained on the standard 

SyS Fo” he smaller sires of line I maintain that steel con¬ 
ductor is more satisfactory and is less expensive than 

copper-clad steel conductor. Wnods on 

I refer Mr. Dempsey to my reply to Mr. Moods on 

the subject of earth - leak X^thfsemn^ of substation 
The information regarding the sett b is a s 

earth-leakage breakers desired by^ variable 

follows: These breakers are equipp 
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setting which must be adjusted according to the resistance 
of the leakage-circuit electrode and the main earth 
electrode. As these electrodes are in parallel the leakage 
current will divide between them in accordance with the 
resistance of each and with the impedance of the earth- 
leakage trip coil. The chief point is to ensure that the 
earth-leakage circuit electrode is not in the same zone 
as the mam earth electrode, otherwise uncertain operation 
will result. The two electrodes should be spaced at least 
lo ft. apart, and this distance should be increased should 
the resistivity of the soil be high. 

Replying to Mr. Spark’s question why any cable at an 
attractive price, which gives satisfactory results in rural 
areas, should not give the same satisfaction in urban 
areas, it will be appreciated that rural cables are designed 
rather on the basis of voltage-drop titan on that of 
current-carrying capacity, so that the conductor tem¬ 
perature-rises involved are very small; this permits the 
use of smaller thicknesses of dielectric than are necessary 
m the usual underground cable used in urban areas 
which are much shorter in length, are more heavily 
loaded and may work with a maximum temperature- 

riSe ' Ia addltloI1 > the armouring has been eliminated on 
rural cables as these are less liable to mechanical damage. 

The adoption of single wood poles throughout, even 
where reinforcement is necessary in the special case of 
supporting a 150-kVA transformer, is fully justified not 

n y on the grounds of economy but also for simplicity 
and appearance. J 

Mn Ridge suggests that the 3-phase 4-wire system is 

superior to the single-phase 3-wire system. Whilst this 

may be true for the larger distribution systems the reverse 

13 the < f se for siaad systems in rural areas; weight of 

rXdeM r ° f C ° PPer a sin S le -P hase 3-wire system 

will deal with a larger unbalanced load than a 3-phase 

4-wire system. Moreover, the cost of other items such as 

transformers > etc., is much less on the 
single-phase system. 

Replying to Mr. Hodges, my experience of fusing 1 1-kV 
the tranrfo at ‘“T P ° mtS ™ th 1,0 tether protection at 
sCtis&ctorTCetl f pr0 y d , tUs a most economical and 
that the f ’ partl T ar *y « is remembered 
considerable^ ^ thunderstorms is 

I do not think the Electricity Supply Regulations 


require that there shall be means of isolation within sight 
o pole-mounted transformers, although this provision is 
necessary for transformers in substations -which come 
under the Factory and Workshop Acts. 

Dealing with Mr. Faithfull’s question, I should like to 
mention that, with the exception of one breaker, the coil 
of which was burnt out during a lightning storm, no 
e ectrical trouble has been experienced with approxi¬ 
mately 800 earth-leakage breakers, and so far as open- 
cironuts are concerned the conditions are the same as those 
obtaimng on other electrical installations,, any of which 

a 5, „ . t0 Pave the e&Tth connections accidentally or 
wilfully interfered with. 

. ^^ lou o^ mentioned 2d. per unit w r hen comparing 

sizes of small transformers, if Mr. Roberts cares to accept 

tamper unit the case is not materially affected. The 

gure of 2d. per unit was assumed because this is the 

average price per unit sold throughout the country. 

the question of efficiency and power factor of single- 

phase motors was purposely omitted as it was considered 

that it did not substantially affect the comparison, the 

majority of motors used on farms only being operated for 

a few hours each week. The adoption of single-phase 

otors does not hamper development but has actually 

P ^° Ve , d t0 faC]htate development by making supplies 

/ :eco ^ lcrates w it h°u tr e co u r se to guarantees 
and capital contributions. 

firm P ^ uies §* v * n g results of the electriftca- 

tion of a village m the Exeter Corporation rural area are 
ery commendable, and provide another example of 
satisfactory rural electrification accomplished on the 
same economic lines as urban electricity distribution 
The average price obtained per unit in Dumfriesshire for 
the year ending 1936 was l-86d. The cost of 11 kV 

is’aTfoIIows^ C °T‘T With stee1 ™* and connections, 

£7 16s.; 3-phase, £l 0 17 s, 

ry little trouble due to gales has been experienced 

trees and the ear ““ alWayS be6n pi '° vided betwe « ; 

trees and the mam lines. In the case of It linos 

Xra e trees S cmnotr S r al °nfl the roadside 

of trouble is„ disturbed, an appreciable amount 
of trouble is experienced. Lightning storms are the 
chief bugbear to overhead distribution systems and wM 

rdi farther ^ ~ s. 
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By W. F. RANDALL, B.Sc.* 
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8f h January, 1937.) 

during a series of researches into alloys with low watt loss, 
investigated the whole range of nickel-iron alloys and 
came to the conclusion that the highest permeability 
was obtained frcSm a 50/50 alloy. The difference between 
his decision and that of Asnold and Elmen was due to 
his impfirfect appreciation of the value of heat treatment. 
It is interesting to note, however, that some points 
obtained on his permeability curves which were appar¬ 
ently ignored as untrustworthy, indicate the permalloy 
range. 

The need fo» accurate control of composition and 
purity ” was emphasized by both investigations, but 
Arnold and Elmen made a most important advance by 
appreciating and stressing the essential need for correct 
heat-treatment conditions. Development work showed 
that these pure nickel-iron alloys had inherent disadvan¬ 
tages, and further efforts to overcome them were made 
by many investigators not only in America but also in 
Germany and in this country. These investigations are 
still proceeding. 


SUMMARY 

The paper summarizes the development of high-permeability 
alloys from early researches to the commercial products of 
the present day. 

The difficulties encountered during manufacture, and *Jie 
precautions necessary in these metallurgical processes, are 
described. 

Stress is laid on the correct methods of application to 
ensure that the magnetic properties of the alloys are utilized 
to full advantage, and the need for heat treatment is empha¬ 
sized. Propositions are put forward to explain the mechanism 
of this heat-treatment process, and the practical procedure 
is given. 

Data on curves show the electrical and magnetic properties 
of the alloys. 

The paper finally discusses the practical applications of 
high-permeability materials, giving examples of commercial 
instruments and indicating cases in which their extended 
use would be advantageous. 




(1) HISTORICAL INTRODUCTION 

Alloys with magnetic permeabilities of six figures are 
so much a commonplace at the present time that it is 
somewhat surprising to recall how short is the history of 
such materials. They have found considerable and 
varied applications in the electrical industry. 

Their development is bound up with investigations into 
the properties of nickel-iron alloys, and the beginnings of 
this research date from 1900, when Barrett, Brown, and 
Hadfield,* in the course of researches into the magnetic 
properties of steels, recorded that nickel-iron alloys were 
extremely permeable compared with other materials then 
available. The fact was merely recorded as of passing 
interest, as the saturation induction was low, and there 
was no development at the time—largely owing to the 
elementary nature of metallurgical technique. Apart 
from further work by Panebianco,f in 1910, nothing was 
done until the increasing demand for telegraphic facilities 
led to further examination of the propositions of Krarup,J 
with a more exact examination into the magnetic pro¬ 
perties of materials. There then arose a demand for a 
ductile metal with high magnetic permeability in fields 
of the small magnitude encountered in submarine tele¬ 
graph-cable working, and the nickel-iron alloy subse¬ 
quently named " permalloy,” containing about 80 per 
cent nickel and 20 per cent iron, was discovered in 
the course of investigations carried out by Arnold and 
Elmen,§ of the Bell Telephone Laboratories. Yensen,|| 


* Proceedings of the Royal Dublin Society, 1900, vol. 7, p. 113; Journal T.E.E., 
1902, vol. 31, p. 674. 

t Rendiconti della R. Accademia delle scienze fisiche-matemaiiche, Napoli, 1910, 
vol. 16, p. 216. 

% Elektiotechnische Zeitschrifl, 1902, vol. 23, p, 344. 

§ Journal of the Franklin Institute , 1023, vol. 195, p. 624. 

|| Transactions of the American LEA., 1920, vol. 39, p. 791. 


(2) COMMERCIAL DEVELOPMENT OF HIGH- 
PERMEABILITY ALLOYS 

In America, permalloy A, containing exactly 78|- per 
cent nickel and 21| per cent iron, was displaced by 
permalloy C. In Germany, Gumlich evolved “ mega¬ 
perm,” and in this country “ mumetal ” was developed 
and patented in 1925. All these alloys sacrificed the 
potential extremely high permeability of the selected 
nickel-iron composition for a lower figure which could be 
attained with much more certainty and without strict 
laboratory control. 

These developments, it should be noted, were primarily 
undertaken to discover an alloy of stable properties 
adapted to the Krarup loading of submarine telegraph 
cables. The straightforward nickel-iron alloy, although 
having excellent permeability in its optimum condition, 
was difficult to control. Small variations in composition 
had a great effect upon magnetic properties, the heat 
treatment was complex, and the electrical resistivity was 
rather low. For the application proposed, it was neces¬ 
sary that the alloy should have perfectly stable character¬ 
istics—alteration when at a depth of 2 000 fathoms would 
be a serious matter and incur great expense—and con¬ 
sistent properties. The initial permeability should be as 
high as possible in order to obtain the greatest possible 
inductance with a minimum of material, and the 
resistivity should also be high to restrict electrical losses. 
Subsequently it became evident that ability to conform 
with these conditions implied that the metal was 
admirably suited for other commercial purposes. 

[ 647 ] 
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Earlier work had shown the necessity for " purity ” 
when seeking a high-permeability material. " Purity M 
is a rather loose term, but in this case it implied as close 
an approximation as possible to 10^ per cent essential 
constituents with freedom from that small proportion 
of carbon, oxygen, and sulphur, which is generally con¬ 
nected with metallurgical products. Progress was greatly 
facilitated, therefore, if not actually made possible, by the 
use of the high-frequency electric furdh.ce patented at 
that time by Northrup,* 

The developments were separate‘but followed a some¬ 
what parallel course. The effect of small foreign addi¬ 
tions on the electrical resistivity of pure metals or alloys 
is known, and it is a general rule in metallurgy that 
increased complexity in the composition of alloys results 
in increased electrical resistivity, providing the additions 
made can be taken up by the existing metal to form a 
“ solid solution.” As increased electrical resistivity was 
one of the desiderata, investigators found other metals 


relieve the “ stiffness ” of the nickel-iron structure and 
achieve greater stability in this respect. This might be 
accomplished by adding to the nickel-iron basis an 
element with similar lattice dimensions, and it was found 
after many disappointments that, by a small adjustment 
of the nickel-iron ratio, an addition of copper acted 
according to anticipation. 

(3) MANUFACTURE OF STRIP 

A few words on this subject will illustrate the diffi¬ 
culties met with by the metallurgist in endeavouring to 
meet Irhe requirements of the electrical engineer. 

As the author is concerned with the manufacture 
of mumetal, the operations described are the most 
advantageous in respect of that material, but investiga¬ 
tions have shown that the same principles apply generally 
to the whole range of high-permeability alloys based on 
nickel and iron. 

It has been indicated already that accuracy of composi- 
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Fig. 1. —Mumetal strip: effect of rolling prior to lieat treatment. 


which could be taken up by the nickel-iron " matrix ” 
without the separation of another " phase,” giving this 
requirement. It was then a short step to adjust the 
proportion of this addition so that the best magnetic 
properties were obtained from the conglomerate. Man¬ 
ganese, molybdenum, chromium, and tungsten, were some 
of the metals successfully applied, permalloy C and 
megaperm being typical developments of this class. 

The difficulties encountered with the control of the 80/20 
nickel iron made it apparent that reliability and repro¬ 
ducibility were essential attributes of any alloy which 
was to be a commercial success, and the composition of 
mumetal was based on these considerations. 

The line of argument followed in this case, which led 
to the addition of copper as an essential ingredient, was 
as follows. 

The permeability of nickel-iron alloys is reduced greatly 
by strain. Internal strains tend to be greater with a 
hard, strong, alloy than with a softer and more easily 
deformable structure. It was argued that the addition 
of a cognate element would, without undue distortion, 

* Transactions of the American Electrochemical Society, 1921, vol. 39, p. 331. 


tion is essential for consistent magnetic characteristics, 
and, although there is a wider permissible range of 
variability in the complex liigh-permeability alloys, a 
small variation on either side of the optimum results in 
diminished permeability. To ensure the correct com¬ 
position, knowledge of the proportionate losses of each 
element under the melting conditions employed is de¬ 
manded, which can only be obtained by experience. 
Then, in addition to control of what may be termed the 
major composition, precautions must be taken to ensure 
that adventitious impurities do not enter into the melt 
in quantities sufficient to influence the properties. The 
source of such impurities may be (a) the raw materials 
employed, (b) the refractory container, or (c) external 
contamination. 

With regard to (a), one is restricted by the purity of 
commercial supplies, but fortunately all the elements 
entering into the composition can generally be obtained 
in a condition approaching 100 per cent purity. The 
most suitable refractory is determined by experience, 
an essential characteristic being that it shall contain no 
deleterious compounds which can be reduced to the 
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elemental state and enter into the melt. Slag inclusions 
must of course be avoided, but these are of secondary 
importance from the magnetic point of view. 

By the use of a high-frequency electric furnace con¬ 
tamination resulting from fuels is avoided, although the 
absorption of atmospheric gases cannot be prevented. 
Suitable covering slags reduce this to a minimum, and 
traces absorbed can be rendered harmless by treatment 
with- non-detrimental deoxidants and slags. The rollino- 
and drawing qualities of the cast metal are largely 
determined by the nature of this process, and one*of the 
difficulties in the manufacture of mumetal is in striking 
a balance between adequate working qualities on the 
one hand and high-grade magnetic characteristics on the 
other• The best results, both mechanical and magnetic, 
aie obtained from metal which is protected, not onh* in 
melting but also throughout the hot rolling, annealing, 
and heat-tieatment processes, from penetration by oxidiz¬ 
ing, sulphuious, 01 carbonaceous gases. To achieve this 
electric forging and preheating furnaces are desirable, but 
as these ai e not at present available for commercial pro¬ 
duction the next best procedure—muffle protection_is 

employed. When contact cannot be economically 
avoided, subsequent reheating in a hydrogen atmosphere 
may be resorted to, to remove the undesirable impurities 
which have been collected during the earlier operations. 

I he stabilization of properties is very dependent upon 
the manner of working down to strip. The result of cold 
woiking to different extents, shown in Fig. 1, is rather 
surprising. 1 he abscissae represent the percentage re¬ 
duction to which the finished strip has been subjected 
prior to final heat-treatment, and it will be seen that the 
permeability obtainable varies according to the degree 
of the cold work. Moreover, the working for highest 
initial permeability is not identical with that for 
maximum permeability. 

It should be emphasized that these curves refer to 
working carried out on the metal in the cold state; and 
that hot working, carried out at temperatures at which 
the metal is, in effect, self-annealing, has no similar 
effect. This latter process is, however, more economical 
when heavy sections are being made, and for this purpose 
it must be utilized in practice, but it is discontinued 
when the thickness of the strip or sheet is about 3 times 
the finished thickness required. From that stage, further 
reduction proceeds by cold working in accordance with 
the curves. Unless these conditions are observed the 
metal will not respond readily, if at all, to standard 
annealing processes. 

(4) EXPERIMENTAL DEVELOPMENT OF HIGH- 
PERMEABILITY MATERIALS 

(a) Theoretical 

In common with other magnetic materials, nickel-iron 
alloys require annealing to develop full magnetic per¬ 
meability, but they are more sensitive to variations in 
this process than transformer irons or dynamo sheet. 
Although many theories have been put forward, the 
mechanism of the operation has not yet been fully 
explained. The magnetic properties resulting from heat 
treatment are known to be affected by the orientation 
of the crystals in the alloy, and by unequal cooling rates 


between different parts of the same piece. For the 
latter reason it is always more difficult to develop high 
permeability in th^ck, heavy sections than in light thin 
sections. 

It has been suggested that satisfactory results depend 
upon the following factors:— 

(i) The retention at air temperatures of an alloy structure 
normally stable &nly at high temperatures. —This view has 
been supported by the fact that the high magnetic per¬ 
meabilities are obtained by rapid cooling from a tempera¬ 
ture between 900° and 1 000° C., a process which would 
tend to conserve the atomic configuration existing at that 
temperature. This theory presents difficulties, as the 
structure is non-magnetic over the high temperatures at 
which it is presumed to be stable. On this hypothesis 
subsequent reheating to a, lower temperature would 
remove, the mechanical strains consequent upon the 
quenching operation without any considerable effect upon 
the molecular structure. No evidence to support this 
view can, however, be obtained by examination either 
with the microscope or with X-rays. 

(ii) The influence of a phase or constituent of the alloy 
•faith a markedly different solubility over the lower tempera - 
ture-range. —This theory attaches importance to the 

impurities present in the metal, and this fact lends 
colour to it. 

These statements may require more elucidation. 
Metals or alloj^s in the solid state are capable of absorbing 
or " dissolving ” other metals, or even non-metallic com¬ 
pounds. The extent of this ability depends upon the 
nature of the original alloy and the metal or compound 
with which it is in contact. As in the case of liquid 
solutions, the " solubility “ will vary with temperature, 
and may increase or decrease as the temperature rises. 
A constituent may be dissolved at high temperatures and 
out of solution at low temperatures, in which case it will 
be precipitated by cooling the alloy slowly. Rapid 
cooling, on the other hand, may inhibit the proper separa¬ 
tion of such a " phase “ which is, as it were, retained 
forcibly by the dissolving medium. Such a process 
results in a modification of internal conditions, which 
would be expected to have its effect upon magnetic 
properties even though the total constituent proportion 
of the "phase " retained in solution, or vice versa, is 
minute. The very considerable modification of magnetic 
properties obtained by dispersed precipitation of rela¬ 
tively minute proportions of a phase less soluble at lower 
temperatures is exemplified by the "isoperm ” type of 
alloy with constant permeability characteristics, which, 
although not classified as a high-permeability alloy, is 
closely allied in composition to those under consideration?. 
There is no doubt that the solution or precipitation of the 
small proportion of oxide or carbide present in these 
alloys has a profound effect upon the magnetic 
characteristics. 

It is probable, however, that this is merely a specialized 
case of the more general hypothesis given in (iv) below; 
that is to say, the precipitation or solution is not 
primarily of importance per se, but only so far as it 
affects the internal stresses. 

(iii) The degree of order remanent in the space lattice at 
air temperature. —It appears evident that this must 
affect the magnetic characteristics, and the degree of 
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" ordering ” is influenced by the form of heat-treatment 
adopted. Evidence that this has some bearing on the 
results is obtained from the fact Jhat the electrical 
resistivity varies with the magnetic condition, maximum 
magnetic softness and maximum electrical resistivity 
being concomitant. It is known that the electrical 
resistance of alloys varies with the degree of " order ” in 
the space lattice. It is difficult to explain some of the 
vagaries of the alloy, however, if this is regarded as a 
major factor. 

(iv) Elimination of internal strain .—It is' well known 
that ferromagnetic materials alter in length when mag¬ 
netized, the alteration being either positive or negative 
and varying with the intensity of Magnetization. At 
low magnetic inductions the magnetic metals nickel and 
iron are opposite in regard to this magnetostriction 
characteristic; that is to say, the one contracts i* length 
while the other expands. An intermediate alloy of the 
two metals exhibits zero magnetostriction; and, while 
the exact composition is dependent on the strength of 
field employed, the range lies very near the original 
permalloy A composition. Metal through which a mag¬ 
netic flux is passing is therefore in a state of molecukftr 
strain, and this theory demands the equalization of these 
magnetostrictive stresses by opposite mechanical stresses 
applied to or introduced into the metal. A non-isotropic 
material brought from an elevated temperature cannot 
be cooled slowly and equally enough to ensure an identical 
rate of loss of heat from all parts, and in practice local 
strains are bound to occur, although the magnitude may 
be very small. 

This mechanical strain may be increased by rapid or 
unequal cooling, while magnetostrictive strain is a fixed 
characteristic of any given alloy, varying in a definite 
manner with the magnetic field. A condition is therefore 
conceivable in which the metal has been produced with a 
degree of residual mechanical stress such that, when 
magnetization occurs, the opposing magnetostrictive 
stresses set up are equivalent in magnitude but opposed 
in direction. Such an ideal condition is not practically 
obtainable, but residual strain may be varied to some 
extent and there are indications, for example, that when 
alloys of greater magnetostriction than normal " mu¬ 
metal ” are cooled at a greater rate than is usual, better 
results are given than with the normal treatment. It is 
noteworthy that the nickel-iron alloy with zero magneto¬ 
striction in small fields is not the alloy of declared highest 
magnetic permeability; and this is in accordance with 
the theory, for the most careful and prolonged cooling 
process cannot give a metal absolutely free of stress, and 
<We must assume that there is residual mechanical strain 
in this alloy even with the best possible heat-treatment. 
It is simpler to adopt a heat-treatment which leaves 
behind a determined residual stress than to neutralize 
those stresses consequent upon magnetostriction. Sup¬ 
porting evidence for this point of view is obtained from 
the fact that alloys with negative magnetostriction, i.e. 
richer in nickel, increase in permeability when subjected 
to small tensile strain, while those with positive magneto¬ 
striction diminish under the same conditions. The 
diminution of permeability in these alloys consequent 
upon distortion is also in keeping with this hypothesis, 
as is the considerably improved permeability obtained 


by applying a magnetic field during the cooling 
operation.* 

(v) An optimum orientation of the crystals .—The effect 
of this, and the manner in which it is accomplished by 
controlling working-down operations, have already been 
mentioned. The effect is to be expected, for metal 
crystals are not magnetically isotropic but are more 
easily magnetized in certain directions. 

• (b) Practical Heat-Treatment 

• There is evidence in support of each hypothesis, but 
the heat treatment of mumetal assumes the truth of (iv) 
and (v), and to some extent of (iii), which is probably 
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Fig. 2.—Effects of varying heat-treatment in producing 
(a) highest maximum permeability, ( b ) highest initial 
permeability, in the same sample of mumetal strip. 

connected with (v). The requirements for successful 
heat-treatment are:— 

(i) A temperature sufficient to cause rapid recrystalliza¬ 
tion of cold worked metal (in practice, 1 150-1 200° C.). 

(ii) Rapid attainment of the maximum temperature in 
order to prohibit, as far as possible, a random grain 
growth at intermediate temperatures. 

(iii) Arrangement of the pieces to be annealed so that 
all parts cool at as nearly an equal rate as possible. This 
necessitates packing in a medium with high heat con¬ 
ductivity, and the use of specially-shaped annealing pots 
so as to allow equal cooling from all surfaces. 

The annealing process may be adjusted to some extent 
to give highest magnetic permeability at different fields 
(see Fig. 2). This follows if hypothesis (iv) is correct, 
for with rapid cooling after heat treatment the internal 
stresses are greater than with a slower rate, and greater 
magnetostrictive strains may be neutralized thereby. 

* Physics, 1934, vol. 5, p. 169; Physical Review, 1934, vol. 46, p. 742, 
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Fig. 3.—Average variation of initial 50-cycle permeability with thickness of strip (commercial samples) 


Equilibrium conditions are therefore obtained at higher 
magnetic fields,where magnetostrictive effects are greater. 
The best “ permeability conditions ” are thus obtained 
at the higher field. 

These high-permeability alloys lie very close to the 
zero-magnetostriction range of composition, and in con¬ 
sequence are strained to a small extent only by magnetiza¬ 
tion. The compositions are such that furnace cooling 
or air cooling in boxes give the internal conditions 
necessary for high permeability. The same object can 
be achieved by a duplex process, as follows: First, 
cooling from a high temperature, thus intensifying the 
conditions of internal strain; second, partially relieving 
the stresses by subsequently reheating to a lower tem¬ 
perature, namely 600° C.; finally, slow cooling to air 
temperature, which fixes these conditions. This series of 
operations is capable of controlling the product more 
exactly than the direct cooling process, and was evolved 
at the Bell Telephone Laboratories, where it was found 
essential for the treatment of permalloy in its early days. 
Direct cooling is, however, less cumbersome for practical 
use and gives very reliable results with alloys which have 
been adapted in their manufacture to that particular 
method of treatment. 

(5) GENERAL CONSIDERATIONS AFFECTING 
MANUFACTURE 

(a) Thickness of Strip 

For reasons connected with manufacture which can be 
understood from the working effects mentioned above, 
there is, practically, an optimum range of thickness for 
strip over which high permeabilities are most readily 
developed. The upper limit is set by the economic 
difficulty of obtaining a sufficient degree of working in 
the heavier gauges and also by the less uniform cooling 
occasioned by greater thickness. On the other hand, the 
effect of non-orientated surface layers becomes increas- 
ingly important as the thickness is decreased, and 
permeability falls off. In practice the range may be 
taken to extend from about 0-025 in. to 0-008 in. A 
typical range of variation is shown in Fig. 3. These 
remarks apply, of course, to 50-cycle operation; at higher 


fi equencies these effects * are offset by the advantage 
obtained from using thinner strip. 

(b) Direction of Magnetization 

The method of production of strip by controlled cold¬ 
rolling determines the grain orientation, which is such 



Fig. 4.—Variation of permeability with rolling direction: 

strip, 0-015 in. thick. 

(a) Flux parallel to rolling direction. 

[b] Flux at 45° to rolling direction. 

(e) Flux at right angles to rolling direction. 

that maximum permeability occurs in the direction of 
longitudinal extension, i.e. along the strip. It will be 
evident, therefore, that if the maximum permeability 
effects are desired, design should be such that the direc- 
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tion of flux follows the rolling direction. This condition 
is realized in spirally-wound cores, but cannot be obtained 
completely with laminations of the ‘#L,” “ E,” “ U,” or 
ring type. For this reason, the effective permeability 
on a core made up in clock-spring form is higher than on 
a similar core made up from stampings. The variation 
of permeability in various directions of strip produced 
by controlled cold-rolling is shown in *Fig. 4, and com¬ 
parative BJH curves for spiral and strip cores are given 
in Fig. 5. 

(c) Distortion and Strain 

The effect of mechanical strain on high-permeability 
alloys has been sufficiently emphasized. As far as 
possible all mechanical operations—ev#n finishing, such 
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Fig. 5. —BfH curve for mumetal strip, 0-015 in. thick. 

(a.) Continuous strip-wound spiral core. 

(6) Core built up from cut strips. 

as filing or polishing—should be completed before the 
final heat treatment is carried out. When la min ations 
are being stacked, care should be taken that the pressure 
exerted is no greater than is just necessary to hold the 
• stampings together, and similarly when windings are 
applied care should be taken to see that they are not put 
on too tightly. 

(d) Effect of Joints 

With these high-permeability alloys the effect of butted 
joints is proportionately much greater than with low- 
permeability cores. If the joints are carefully machined 
before assembly the results obtained may approximate 
to the true permeability values, but with' ordinary 
assemblies the effect is very considerable. When it is 
desired to take full advantage of the high permeability, 
continuous strip cores should be employed. 


(e) Continuous Strip Cores 

Strip cores are not always convenient owing to the 
impossibility of applying ready-made windings, but one 
of the reasons for the use of strip cores as against stamp¬ 
ings has already been given, namely directionality of 
magnetization. Also, little scrap is produced in their 
manufacture, and no stamping charges are incurred, 
so that the initial cost is lower than that of a built-up 
cc^re. The internal and external diameter may be 
adjusted to any size, and the core may be built up in 
%ections to any depth. In order to control heat-treat¬ 
ment strains, such cores cannot be made up tightly, and 
for most purposes they require “ solidifying ” with a 
carefully chosen wax before being wound. For oil- 
immersed instruments such a solidified core is wrapped 
and protected by a non-oil soluble material. 

If a long axial length is desired, the core is best made 
up from a number of units of standard length. This is 
for two reasons: firstly, eddy-current losses are increased 
by extending the axial length; and secondly, the diffi¬ 
culties of heat treatment are increased and the developed 
permeability is generally not so high as on narrower cores. 

The result of increasing the radial width is that the 
effective permeability over the whole is reduced owing 
to the difference in length of the magnetic path on the 
inside and outside of the core. This effect is much more 
pronounced in these alloys with a high range of per¬ 
meability at low inductions than with the less permeable 
iron alloys. 

(f) Insulation 

The superficial layer of oxide formed on the surface 
of the alloys during heat treatment is, if properly con¬ 
trolled, sufficient electrical insulation to render further 
precautions unnecessary. Very little advantage in re¬ 
duced losses results from spraying or varnishing. 

(g) Absence of Ageing Effects 

Although the effect of any mechanical deformation is 
very damaging, it should be borne in mind that if the 
material is in the heat-treated condition the diminution 
in permeability is restricted to the area actually deformed 
or strained, so that the total effect may not be very 
noticeable. Vibration or shock which does not result 
in actual deformation is not damaging. Ageing pheno¬ 
mena are notably absent, as is evidenced by the National 
Physical Laboratory’s reports (1933) on their standard 
current transformers and also by the constancy of the 
characteristics of loaded submarine cables which have 
been in operation for 12 years. 

(6) MAGNETIC CHARACTERISTICS 
(a) General 

It is apparent that the factors affecting the magnetic 
properties of high-permeability alloys are many and 
varied, and if all these factors can be brought to an 
optimum condition simultaneously remarkable results 
may be obtained. In such circumstances a permeability 
of 600 000 has been recorded,* but commercial production 
demands some tolerance in all directions and such figures 
cannot be obtained in practice. It is possible, however, 

• R. M. Bozorth: Physical Review, 1934, vol. 46, p. 232. 
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to give definite minimum curves which are progressively 
improved with wider knowledge of the materials. When 
utilizing the curves given below one should remember 



Fig. 6 .—D.C. magnetization curves. 

Brolcea-line curve indicates d.c. magnetization of niclcel-iron alloy before 
annealing. 


that individual samples will not have properties corre¬ 
sponding in detail with all the curves. The figures given, 
having been taken from average results, form a working- 
basis for calculation. 



(b) Normal Induction Curve 

The saturation induction of the high-permeability 
nickel-iron alloys is in the region of 10 000 gauss, i.e. less 


than half the saturation induction of pure iron. The 
“ knee ” of the curve occurs generally at 6 000-7 000 
gauss (see Figs. 6 and 7). The remarkably low coercivity 
(about 0-03 oersted for B macc- — 8 000) is characteristic. 
The remanence is about 80 per cent of B maXm The per¬ 
meability is greatest in the region about 0-03 oersted, 
but in those cases where exceptionally high permeability 
is developed this occurs at lower fields—down to 0-015 
oersted. The initial permeability is not, of course, 
measurable, and the-figures given for this are obtained 
from measurements made with a field of 0-001 oersted. 
On commercial samples /r 0 may be as high as 30 000 and 

Umax. 1^0 000 . 



Fig. 8 .—A.C. magnetization curves for mumetal strip, 

0-015 in. thick. 


(c) Losses 

The foregoing figures relate to d.c. magnetization. 
From a.c. measurements (see Fig. 8 ) a figure for per¬ 
meability may be derived but this is of little use, and the 
relative magnitudes of B maXt and H maXk with the corre¬ 
sponding watt-loss (P) figures are of more value. It is 
evident from Fig. 7 that the hysteresis losses are very 
small, and the variation with flux density is given in 
Fig. 9. The resistivity of the commercial high-per¬ 
meability alloys is between 45 and 55 microhms per cm 
cube, and the total losses with 50-cycle magnetization 
are about one-quarter those of ordinary silicon iron. The 
total watt losses for 0 ■ 015-in. strip—a standard thickness 
—are given in Fig. 10. It will be seen that P oe P 2 
almost exactly, and this relationship holds approximately 
for thicknesses between 0-004 in. and 0-030 in. Also, 
P cc d 2 (d being the thickness of the strip) over the 
range 0-020 in. to 0-008 in., but as the thickness de¬ 
creases this relation does not remain exactly true, the 
variation being nearer d 1 ' 7 . For 0- 015-in. strip at 
50 cycles per sec., P = 2-7 X 10~ 9 P 2 . 
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The curves were obtained from spirally-wound cores 
with the turns insulated only by the superficial coat of 
oxide developed during heat treatment. 



Fig. 9.—Variation of hysteresis loss with flux density. 

(d) Characteristics at High Frequencies 

The effective magnetization of these alloys diminishes 
rapidly with increasing frequency, and the watt loss 
increases proportionately. As one would expect, there 



Fig. 10.—Total watt loss for 0* 015-in. mumetal strip. 

Curve 1. Results obtained at 50 cycles per sec. 

Curve 2. Results obtained at GOO cycles per sec. 


is a marked skin magnetization effect, so that thin strips 
are much more effective under these conditions, the 
losses being reduced also at the same time by diminished 
thickness. The relation P a B- is correct, to a first 


approximation, for frequencies up to 5 000 cycles per 
sec. The increase of watt loss with frequency, however, 
for any given thickness of strip, varies as / 1-s . The 
losses at 5 000 cycles for two different thicknesses are 
given in Fig. 11. For 0- 004-in. strip at 5 000 cycles, 
P = 8 X 10 -6 F 2 . Figs. 12 and 13 show the variation 
of flux density with total field at two different frequencies. 

(e) Incremental Permeability 

"As these alloys are saturated by the application of 
quite* small magnetizing forces, it is to be anticipated 
that polarizing fields will seriously affect the effective 
permeability under a.c. conditions. The rapid decrease 
in this incremental permeability is illustrated in Fig. 14. 
It will be seen that with initial a.c. fields a d.c. polarizing 
fi^d of 0 • 5 oersted is sufficient to reduce the permeability 



Fig. 11.—Total watt losses at 5 000 cycles per sec. for two 
different thicknesses of mumetal strip. 

Curve 1. 0 ■ 004 in. thick. 

Curve 2. 0 • 008 in. thick. 

to 2 000, although at higher frequencies the effect is not 
so marked. 

(7) TESTING METHODS 

Magnetic testing and control of high-permeability 
alloys demands more exact conditions than are required 
for the less permeable materials employed for s im ilar 
purposes. The following notes on the methods employed 
in the control of mumetal may therefore be of interest. 

(a) D.C. Tests 

In order to determine experimentally d.c. permeability 
and B/B curves, use is made of the well-known ballistic- 
galvanometer method. The standard consists of a 
long tube with primary and secondary of known turns 
and dimensions, of which the mutual inductance can be 
estimated and measured with accuracy. The galvano¬ 
meter is of the reflecting type, and by means of the 






#,£*auss 
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standard can easily be calibrated immediately prior to 
a test. 

The magnetic sample is uniformly wound with the 
requisite primary and secondary turns, and is normally 
demagnetized before test bjr passing 50-cycle alternating 
current through the primary and slowly reducing the 
current to zero. 

(b) Magnetic Shields 

The same galvanometer is also' employed to obtain 
information on the screening properties of nickel-iron- 
alloy magnetic shields. Direct current is passed through 
a short solenoid whose iron core has an appreciable stray 
magnetic field, and arrangements arb made for easily 
reversing this direct current. A suitatge search coil is 
placed within the stray field, and galvanometer deflec¬ 
tions are observed for reversals of this field, (i) with the 
search coil enclosed within the magnetic screen, and 


gutta-percha covering operation. This measurement not 
only controls the annealing but also gives an indication 
of the final performance of the cable. 

The loaded conductor, after passing through the tubular 
furnace, is arranged to pass over electric contacts per¬ 
mitting a 10-ft. length of conductor to be tested at any 
instant. This length of conductor constitutes the fourth 
arm of a simple bridge whose constants are chosen so 
that the out-of-balance current is proportional to the 
conductor inductance. This out-of-balance current is 
measured on a Sumpner a.c. galvanometer, the deflection 
of which gives a direct indication of the effective per¬ 
meability of the loading material. 

(e) Spiral Cores and Rings for Current 

9 Transformers 

The final performance of current transformers depends 
essentially upon the magnetic properties of the alloy used, 



Fig. 15.—Factory method, for obtaining B/H curves of high-permeability alloys at 50 cycles per sec. 


(ii) with the magnetic screen removed. The search-coil 
pick-up is considerably reduced by the screen, and the 
resulting ratio is used as a. control on the annealing of 
the screening material. 

(c) A.C. Tests 

Since the bulk of the high-permeability alloys are 
employed under alternating-current conditions, informa¬ 
tion on inductance, effective resistance, B/H charac¬ 
teristics, and watt loss, is essential. Many forms of a.c. 
bridge are suitable for this purpose, but the most flexible 
is the well-known Heaviside inductance bridge. This 
permits the measurement of all the above properties over 
the working range of currents and frequencies, and gives 
results of good accuracy. 

(d) Loaded Submarine-Cable Testing 
In the manufacture of loaded submarine cables it is 
desirable to measure the inductance per unit length of 
loaded conductor during annealing and prior to the 


and it is customary to test each core after annealing. 
Experience has shown that if the alternating-current 
B/H curve is within specification the losses invariably 
follow suit, and on this assumption is based the follow¬ 
ing simple factory test, the circuit connections for which 
are shown in Fig, 15. 

The primary winding is a single turn carrying a 
measured current giving a known value of magnetizing 
force on the core under test. The secondary winding 
consists of a few turns only, and by the aid of a vibration 
galvanometer in series with a high resistance a deflection 
is obtained proportional (very nearly) to the open-circuit 
secondary voltage. A fixed alternating current of 
1 milliampere passes through the variable resistance R, 
so that, by switching from point A to point B and adjust¬ 
ing R, equal deflections may be obtained. Within 
certain limits the a.c. flux density is directly proportional 
to this (secondary) voltage. As a result, rapid determina¬ 
tion of the alternating-current B/H curves is possible. 

In the actual equipment the core is passed over a 
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fibre tube on the end of which is a plug-and-socket 
device enabling the equivalent primary and secondary 
windings to be applied with the single operation of 
inserting a multi-point plug. 

(8) INDUSTRIAL APPLICATIONS 

(a) Cable Loading 

It has been stated that the necessity for loading sub¬ 
marine telegraph cables was the prime reason for ijie 
development of mumetal. As signalling conductors are 
made longer, the increased capacitance causes attenua¬ 
tion and practical obliteration of the signal definition, so 
that the possible speed of working is much reduced. By 
increasing the self-inductance of the cable—while taking 
good care of the additional electrical losses consequent 
upon it—this effect may be nullified. This is effected 
by loading with high-permeability alloys. Owing to the 
small amplitude of the current in the distant parts of 
such conductors, a high permeability in “ initial' 1 fields 
is essential if any considerable increase in inductance is 
to be achieved without an excessively heavy loading 
which would bring the cost of the cable to a figure greater 
than that of an equally effective unloaded conductor. 
Low hysteresis losses are also desirable, as the effective 
resistance may be largely increased. For this purpose 
the alloy is drawn to fine wire 0-006 in. to 0-008 in. 
diameter, or rolled to narrow tape of about the same 
thickness. Owing to the stresses involved when spiral¬ 
ling this on to the copper, it is necessary to anneal 
subsequent to this process, and this is done by drawing 
the loaded conductor through a tube furnace. Coil 
annealing presents difficulties owing to the rate of cooling. 
The method employed also lends itself to continuous 
control, and the inductance of the cable is read con¬ 
tinuously during passage through the furnace by the 
arrangement already mentioned. 

Loaded telegraph cables already laid have 5-10 times 
the message capacity of similar unloaded cables.* * 

(b) Instrument-Transformer Cores 

The advantages which may be obtained from the use 
of high-permeability alloys as the core of instrument 
transformers are well appreciated by designers, and this 
application has been adequately dealt with in the Journal 
and elsewhere during the last few years.f The single¬ 
turn or straight-through primary can be more generally 
employed than with the old “ irons.” The permeability 
of the new alloys being much higher and the losses lower 
than those of silicon iron, the phase-angle and ratio 
errors can be much reduced, and the weight of material 
necessary for the improved results is much less. In fact, 
before the use of high-permeability cores became 
commonplace and when silicon iron was accepted as a 
standard, the errors were lower than the limit of accurate 
determination by existing apparatus, and current trans¬ 
formers were approved with “ zero ” errors. High- 
permeability cores have now made these small errors 
measurable. 

* See O. E. Buckley: Transactions of the American I.E.E., 1925, vol. 41, 

p. 821. 

f R. S. J. Spilsbury and A. H. M. Arnold: Journal I.E.E., 1930, vol. 68, 
p. 889; A. H. M. Arnold: Journal of Scientific Instruments, 1931, vol. 8, p. 164; 

C. V. Drysdale: Journal I.E.E., 1931, vo], 09, p. 170: A. H. M. Arnold: ibid., 
1931, vol. 69, p. 150. 

VOL. 80. 


(c) Transformers and Chokes for Radio Apparatus 
The current dealt with in this type of apparatus is 
generally of very siyall magnitude, and the use of a core 
material with high magnetic permeability in small fields 
offers great advantages when high inductance is desirable ; 
the intervalve transformer necessary for low-frequency 
amplification is a case in point. Inductances much 
higher than thftse obtainable with silicon iron are 
possible with very small cores, and an amp lifi cation 
characteristic may be obtained about constant from 
50 to 20 000 cycles. But precautions are necessary: 
the instrument must be so employed that there is no 
strong polarizing current flowing through the windings, 
for under such coilditions the incremental permeability 
may be lower than that of silicon iron, and the inductance 
falls off. 

As an«example, with twelve stampings of 14 in. x 1 in. 
overall dimensions, weighing 0 • 04 lb., an inductance of 
80-100 henrys may be obtained, so that there is a large 
saving in weight and in winding costs at the same time. 

A cognate application occurs in the design of low- 
frequency chokes, where high inductance is of first 
irftportance. In such applications absence of transformer 
noise is important, and the high-permeability alloys with 
their virtual absence of magnetostrictive effects are much 
freer from vibration than silicon iron. 

(d) Magnetic Screening 

Advantage is taken of the magnetic softness of these 
alloys for shielding from magnetic interference, or from 
the polarizing magnetization of the earth’s field.* This 
is particularly important in radio receiving sets, where 
compactness is desirable and interference may be of 
magnitudes comparable with the energy usefully em¬ 
ployed. The close proximity of the various parts, even 
with the most careful design, results in the field around 
one component inductively affecting nearby apparatus 
so that background noises are experienced in reception. 
High-permeability boxes properly designed for shielding 
give a reduction in field strength, as measured by the 
method described, of 1 000 : 1, and a noise reduction 
of 40 to 50 decibels may be obtained. The box must of 
course be magnetically intact, preferably stamped in one 
piece, with a well-fitting overlapped lid, or, if stamping 
is not applicable to the design, welded on all joints and 
with any necessary holes as small and few as possible. 
The best results are obtained with a multiple-layer 
design, but this is necessarily more expensive than the 
simple sheet box, which is quite effective for most 
purposes. With equal thickness the screening effect is 
10-20 times that of ordinary iron. 

The benefit of shielding is also appreciated by makers 
of cathode-ray oscillograph tubes. Deflection of the 
electron stream by outside interference is prevented by 
a sleeve of mumetal over the neck of the tube, the sleeve 
being extended by a funnel-shaped end when a greater 
degree of protection is desired. 

Protection of high-sensitivity galvanometers is accom¬ 
plished more effectively and economically now that high- 
permeability alloys are available.! 

* See A. V. Hill: Journal of Scientific Instruments, 1926, vol. 3, p. 335; and 
T. E. Sterne; Review of Scientific Instruments, 1935, vol. 6, p. 324. 
f See. C. V. Drysdale: Journal I.E.E., 1033, vol. 72, p. 365. 
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(e) Magnetic Relays 

The rapid growth of flux with increasing magnetizing 
force, combined with low coercivity and low hysteresis 
loss, make these alloys particularly suitable for the cores 
of magnetic relays in which sensitivity is a first considera¬ 
tion. Advantage can only be taken of the increase in 
power when core and armature are set very closely 
together, owing to the effect of the air-gap. As satura¬ 
tion occurs at 10 000 lines per cm?, more powerful relays 
may be made with other core irons, but a limit is set to 
the sensitivity obtainable in these instruments by the 
coercivity of the core. The low value of this charac¬ 
teristic together with the easy magnetization of the 
alloys under consideration assure a ‘rapid response to 
magnetic impulses, and, for this reason the alloys are 
utilized in the construction of telegraphic printers and 
automatic telephone relays. These show a .marked 
improvement in response when results are compared with 
those obtained on sqft-iron cores.* , 

The following figures obtained from a polarized relay 
operating railway signals—a case where minimum time- 
lag and certain action am, of the utmost importance— 
demonstrate this point. * * 

(i) Normal type of relay, with iron core: minimum 
pick-up current, 59 milliamps.; maximum release current, 
42 milliamps. 

(ii) Same type of relay, with mumetal core: minimum 
pick-up current, 41 milliamps.; maximum release current, 
36 milliamps.; the on/off current ratio is increased by 
nearly 20 per cent. 

It is important to note that in this and many similar 
applications the alloys are called upon to withstand 


atmospheric conditions, and the high resistance to 
oxidation which is characteristic of high nickel alloys is 
of particular value. 

(f) Armatures for Moving-Iron Instruments 

Ease of magnetization, and rapid loss of magnetism 
after the m.m.f. has been removed, are of importance in 
the moving irons for measuring instruments. By the 
use of these alloys such meters may be made with an 
accuracy comparable with that of the moving-coil type, 
A much wider scale than heretofore being made possible * 
The very small hysteresis losses make the instruments 
adaptable to both a.c. and d.c. circuits. 

# (g) General 

These alloys are finding wider applications as their 
valuable properties, and also their weaknesses, become 
increasingly appreciated. The prime cost occasioned by 
the manufacturing and control operations appears high, 
however, when compared with those of older-established 
magnetic materials, and militates against the use of the 
new alloys in directions where in fact manufacturing 
costs might be reduced by their application. 

The author wishes to thank members of the metal¬ 
lurgical staff of the Telegraph Construction and Main¬ 
tenance Co., Ltd., for assistance in the preparation of 
this paper. Valuable data and suggestions have also 
been received fi'om Mr. F. E. J. Oclcenden and Mr. 
J. G. Wellings, to whom the existence of this paper is 
originally due. 
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Mr. J. G. Wellings: The development on a com¬ 
mercial basis of mumetal and other similar materials has 
been responsible for very great advances in the design 
of current transformers and is a striking illustration of 
the valuable services which the metallurgist can render 
to the electrical engineer. 

It should be realized that, roughly speaking, the 
permeability of mumetal over the range of flux densities 
usually employed in current-transformer design is about 
10 times that of silicon steel; and although, strangely 
enough, the price of mumetal is also about 10 times that of 
stalloy, there is undoubtedly justification in a very large 
number of cases for the use of the more expensive 
material. 

While the comparatively low saturation flux density of 
jnumetal imposes no serious handicap on instrument 
current-transformer design, I should like to ask the 
author the reason of the low saturation density and also 
whether there is any possibility in the future of the value 
being raised. In current-transformer design the low 
saturation density is a slight advantage in one respect 
since it reduces the open-circuit voltage, although the 
peak value may still be dangerously high. 

A serious limitation which existed when mumetal and 
other similar materials were first introduced was 
instability due to shock and over-magnetization. This, 
however, has now been overcome, and mumetal may be 

* See A. E. Tattersall: Journal of Scientific Instruments, 1935, vol.12, p. 341. 


regarded as reasonably stable, provided no sharp bending 
or punching operation is carried out after the annealing 
process. 

I should like to endorse the author’s remarks regarding 
the higher permeability obtained on ring cores of rolled 
strip as compared with annular punchings. It might at 
first be thought that the superimposition of a circular 
flux upon a spiral magnetic path must involve an air-gap 
effect. Experience and tests, however, show that this is 
not detrimental and probably the explanation is that 
the area of the effective gap is equal to the superficial 
area of the whole length of strip of which the core is 
composed. The flux density in the effective gap is 
therefore low, and what little adverse effect is produced 
thereby is more than counterbalanced by the advantage 
obtained with the increased permeability due to the flux 
always lying in the direction of the grain of the material. 
In an annular punching over half the circumference the 
flux is necessarily traversing the material across the grain. 

I should like to refer to what may be termed the high 
" differential permeability ” of mumetal. This is quite 
different from what the author terms the " incremental 
permeability.” By differential permeability is meant 
the rate of inarease of flux density with magnetizing force, 
which, between certain limits of flux density (usually 10 to 
20 kilolines per sq. in.), is much greater than the per¬ 
meability at lower densities. This is shown in Fig. A. 

* See A. V. Hill; Journal of Scientific Instruments, 1926, vol. 3, p, 335. 
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Means by which advantage may be taken of this feature 
are described in British Patent Specification No. 286431, 
and a simple bar-primary current transformer adapted to 
this purpose is shown in Fig. B. The main core carrying 
the secondary winding is divided into half-sections which 



Fig. A.—Differential permeability of mumetal. 


are magnetized in opposite directions by a " figure eight ” 
winding energized from a separate core. The flux due to 
such auxiliary magnetization can produce no e.m.f. in 
the secondary winding on account of the equal and 
opposite effects of each half of the section of the core. 
By design the auxiliary winding is arranged to magnetize 
the half-sections of the core to a flux density represented 
by the point X in Fig. A, which corresponds to approxi¬ 
mately the mid-point of the optimum range of differential 
permeability. The flux density due to the secondary 
voltage therefore adds to or subtracts from this degree 
of auxiliary magnetization X, for example, by an amount 
represented by XP or XQ. The magnetization required 



Secondary winding 

Fig. B 


for the flux density X to P is obviously much less than 
that required for the same value if starting from the zero 
point of the curve instead of the point X. In practice, 
for a given size of core, this permits of the magnetizing 
current being reduced to about one-third of what would 
otherwise be required, and the errors are therefore pro¬ 


portionately reduced. Conversely, for a given accuracy, 
the size of core can be reduced; this is a great advantage, 
for example in the design of low-ratio high-accuracy 
transformers mounted in high-voltage bushings. Other 
means whereby the accuracy may be still further im¬ 
proved by other types of compensating windings, or 
alternatively the size of core may be reduced for a given 
accuracy, are described in a paper* on " Instrument 
Transformers,” which was read before this Section in 
January, 1930. 

Mr. C. E. Webb: Of the theories mentioned as 
having been put forward to account for the development 
of high permeability in nickel-iron alloys, (i) and (iii) have 
never received any direct confirmation, while with regard 
to (iii) Jette and Footef have within the last year con¬ 
ducted an X-ray examination of iron-nickel alloys 
directly # aimed at the detection of a super-lattice but 
have failed to find any trace of one. The influence of 
impurities, involved in theory (ii), is undoubtedly 
important, but, as*Yensen has showil in his fundamental 
researches on iron and i#on-silicon alloys, is very com¬ 
plicated. Recent evidence strongly supports the view 
tkat the decisive* factor in the production of the excep¬ 
tionally high permeabilities of permalloy and mumetal is 
that stated in theory (iv), namely the possibility of 
minimizing internal strain, which results from the small 
magnetostrictive stresses in these alloys. Thus Von 
Auwers and Neumann, $ in their systematic investigation 
of the iron-nickel-copper alloys, found a range of com¬ 
position, which was little affected by heat treatment, for 
which the initial permeability was high, and a closely 
related range of composition for which the magneto¬ 
striction was zero. The largely increased permeability 
obtained in certain iron-nickel alloys by cooling in a 
magnetic field, to which the author refers, also appears 
to be explicable only by the relief of magnetostrictive 
stresses by plastic flow at high temperatures. Even for 
this theory, however, the evidence is not entirely con¬ 
sistent, as it has been pointed out that the effect of 
cooling in a magnetic field ought, according to the theory, 
to be present at the iron end as well as the nickel end of 
the series, whereas it is almost completely absent. Any 
experience which the author may have had in this 
connection would be of interest. 

The author mentioned verbally the alloy “ 1040,” 
developed in Germany, for which an initial permeability 
of the order of 40 000 has been claimed. Has he had 
experience of the properties of this type of alloy ? Are 
the properties claimed obtainable commercially ? 

I am glad to see that the author emphasizes the 
importance of avoiding stresses in the material due to 
windings, and also of expressing the a.c. permeability in 
terms of the maximum values of B and H. I am surprised 
that Fig. 14, curve A, shows an increase of incremental 
permeability as the polarizing field-strength is increased, 
as • I have always found—chiefly at lower frequencies— 
that the curve falls continuously. Has the author any 
theory to account for the increase in this case? The 
striking figures given on page 657 for the weight and 
inductance of a choke with a core of nickel-iron stampings 

* J. G. Wellings and C. G. Mayo: Journal I.E.E., 1930, vol. 08, p. 704. 

f Metals Technology, 1936, vol. 3, No. 1. 

% Wissenschaftliche Vcroffentlichungen aus den Stenuns-Wer/<en, 1935, vol. Li, 
p. 93. 
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would be even more impressive if comparable figures for 
silicon-iron were provided. 

Mr. J. H. Buchanan: Strip-wound cores give very 
much better results than built-up cfcres, whether built 
of straight strips or of die punchings, and the fundamental 
reasons for this are not made quite clear in the paper. 
The direction of the grain and the introduction of joint 
reluctance are fairly obvious causes of ^ poorer result in 
the case of a built-up core, but there is another very 
important cause. It is usually necessary to clamp a 
built-up core by applying pressure to the laminations, 
and the resultant mechanical stress has a detrimental 
effect on the characteristics of the mumetal. In the case 
of a.c. magnetization the clamping also causes increased 
eddy-current losses, which result in a further apparent 
deterioration of magnetic characteristics and necessitate 
the provision of effective insulation on the laminations. 
It is difficult to obtain a varnish which is sufficiently thin 
and even to give the required insulation without adding 
perceptible reluctance at the joints, and I agree with the 
author that a good oxide film is the best form of insula¬ 
tion to use. It is important to remember that, owing 
to the relatively low reluctance of mumetal, an additional 
reluctance at the joints, which would be unnoticed in a 
silicon-steel core, may be very noticeable in a mumetal 
core. 

The various applications of mumetal require such 
distinct types of characteristics that a more sharply- 
defined grading of the material for different purposes 
should be considered. Even for current transformers it 
would be an advantage to have two different types of 
characteristic. In the revised British Standard Speci¬ 
fication for instrument transformers (B.S.S. No. 81—1936) 
certain new classes of accuracy are introduced, in which 
the variation of error over a range of current is specified. 
When mumetal is employed for such a purpose the 
variation of permeability over a range of flux densities 
is therefore important. It is possible in such a case for 
the variation to be actually increased if the peak per¬ 
meability is unduly high, and therefore for such a purpose 
it would be preferable to have a permeability curve 
showing high initial permeability and only a moderate 
peak. On the other hand if, as is sometimes done, a 
mumetal core is used in a current transformer with the 
object of working a sensitive relay with a very small 
operating current, then a high permeability peak is 
desirable. 

In Fig. 4 there are three curves, (a), ( b ), and (c), showing 
respectively the permeability in the direction of rolling, 
at 45°, and at right angles, to this direction. Are these 
curves relatively of the correct height ? If so, it would 
appear that there is very little reduction in the maximum 
permeability up to an angle of 45° to the direction of 
lolling, but at right angles there is a very big drop. One 
important point on which this has a bearing is that 
laminations are sometimes stamped out in the form of an 
L, and, if a lamination is stamped with one side of 
the " L" in the direction of rolling and the other at 
right angles, one should get about the mean of curves (a) 
and (c). On the assumption that the curves in Fig. 4 are 
correctly related, it would appear to be very advantageous 
to punch such a lamination with the side of the “ L ” 


Mr. Wellings stated that the stability of the charac¬ 
teristics of mumetal is now as good as that of silicon steel. 
In actual fact it has been shown that the stability of 
mumetal is very much better than that of silicon steel. 

Dr. E. Hughes: I wish to express my disagreement 
with the use of the r.m.s. value of the field strength in 
Fig. 8. This is wrong in principle, because with silicon 
steels it has been repeatedly shown that the flux density 
is a maximum when the magnetizing force is a maximum, 
irrespective of wave-forms. In a recent paper* I showed 
that ior mumetal and permalloy laminations of about 
(f*015 in. the same relationship holds for frequencies up 
to about 25 cycles per sec. and at higher frequencies 
when the flux density is approaching saturation. With 
magnetizing forces of the order that give maximum 
permeability with direct current it is found that the 
flux density at, say, 50 cycles per sec. is only a small 
fraction of the value obtained with the coiTesponding 
d.c. magnetizing force. It was at first thought that this 
discrepancy could be accounted for by talcing the 
magnetizing force as H sin 6, as shown in Fig. 8. 
Curiously, the steep portion of the curve obtained by 
plotting Bmaz■ against Umax, sin 9 did agree reasonably 
well with that plotted from d.c. results; but with higher 
magnetizing forces the difference became greater and 
greater—as may be gathered from the steepness of the 
upper portion of the H sin 6 curve in Fig. 8—whereas the 
experimental results in this region showed a good agree¬ 
ment between the d.c. and the a.c. values based upon the 
total magnetizing force. In other words, there is no 
justification for taking the reactive component of the 
current as the magnetizing component. 

In my paper I showed that the E/H and the B/Ii loops 
for mumetal and permalloy were asymmetric over a 
certain range of magnetizing force. Since the publica¬ 
tion of that paper Mr. T. A. Ledward, of Liverpool, has 
found that the asymmetry is due to polarization of the 
innermost portion of the lamination and that it can be 
eliminated by applying a very large magnetizing force 
and reducing the latter relatively slowly. He has also 
found that it is possible to have a 0- 015-in. lamination 
polarized simultaneously in one direction at the centre 
and in the opposite direction near the surface. 

I shall be very interested to know how the author 
calculated the flux density from the test results obtained 
with the Heaviside inductance bridge. In the paper 
referred to above, I pointed out that, for niclcel-iron 
specimens, there may be considerable error if the flux 
density is calculated from the flux linkages per ampere 
of the equivalent inductance deduced from a bridge test. 

Dr. E. Wassell Smith: I propose to say a few words 
on the loading of submarine cables with mumetal. 

I do not think it is generally realized that the require¬ 
ments in regard to the loading material have considerably 
changed since the introduction even of the loaded cable. 
In 1924 the chief object was to get as high a permeability 
as possible, as the author mentions; but it was later 
realized that the serious limitation of these continuously 
and completely loaded cables was the fact that they 
could not be duplexed. Owing to the variation of the 
properties of the magnetic material with current, and to 


at an angle of 45° to the direction of rolling. 


* Magnetic Characteristics of Nickel-Iron Allovs with Aliermt i„r* \f-,» 
netizing Forces,” Journal I.E.E. 198G, vol. 79, p 213 Alternating Mag- 
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irregularities over the length, it was not possible to 
design a network whereby a duplex balance could be 
made. Consequently, just prior to 1926, the metal 
requirements were changed. It was decided to put 
unloaded ends on a loaded cable, extending for 100 miles 
or so along the cable, and then to graduate the inductance 
from a low value, where those unloaded portions ended, 
to a high value in the centre of the cable. Consequently 
it became a problem for the metallurgist to control the 
permeability of the mumetal from about 2 000 to abc}ut 
6 000. It says much for the versatility of this jnetal 
under various heat treatments that this aim was realized* 
and in two cables laid in 1928 and 1930 respectively a 
permeability range of from 2 000 to 6 000 was obtained. 
Impedance/frequency tests taken on the laid cables 
showed only the main reflection due to the junction 
between the loaded and the unloaded cable; there were 
no minor reflections due to imperfections in grading. 

With regard to the losses in mumetal, in the average 
submarine cable the eddy-current loss accounts for 
between 5 and 10 per cent of the whole attenuation, the 
hysteresis loss for about 3 per cent, and the after-effect 
loss for less than 1 per cent. In this connection I should 
like to ask whether the author sees any chance of giving 
us an improved type of mumetal having a higher 
resistivity. 

The Sumpner-galvanometer test method has been 
recently improved, and gives consistent and reliable 
results. Another test method mentioned in the paper 
uses a vibration galvanometer; I know this instrument 
is exceedingly sensitive, but the mirror is very small and 
it is tiring to watch and gauge the width of the dim 
band of light reflected from it. I prefer a sensitive 
rectifier voltmeter or a thermionic voltmeter as a detector. 
Regarding bridge testing, the ordinary bridge is applicable 
only under two conditions. One is that it must allow 
of the convenient application of a polarizing field, and 
the other that it must not distort the sinusoidal voltage 
with which it is generally (though not universally) desired 
to conduct the test. I do not think the Heaviside bridge 
is particularly good from either of these points of view. 
The secondary winding is always in circuit and the 
sinusoidal-voltage requirement is thereby upset. Further, 
the polarizing field is broken, every time an adjustment is 
made. I have used both the Owens and the Hay bridge, 
but have concluded that the best type is a simple Maxwell 
bridge in which the ratio arm adjacent to the test 
specimen has a resistance not exceeding 1 ohm. 

Mr. P. Beringer: Referring to Fig. 4, it would be of 
very great interest if curves for a few intermediate values 
between ( b ) and (c) could be given. 

I occasionally unwind heat-treated mumetal clock¬ 
spring cores and rewind them to a different diameter. 
In some cases I find that the deformation does not 
seriously affect the permeability and that the B/H curve 
over the working range is still approximately as shown 
in Fig. • 5(a), even though the heat-treatment has not 
been repeated. 

Mr. F. E. J. Ockenden : It is now some 12 years since 
I first employed a nickel-iron transformer core: it was 
made of permalloy and was of the clockspring pattern. 
The use of nickel-iron alloys for transformer cores 
developed rapidly at that period, and current trans¬ 


formers were produced having errors so small as to be 
undetectable by the average transformer testing equip¬ 
ment of that time. More recent advances in testing 
methods, such as thtse developed by Dr. A. H. M. Arnold 
at the N.P.L., now enable the most precise tests to be 
made on current transformers even when the phase- 
displacement error is only a few tenths of a min ute. I 
do not entirely agree with Mr. Buchanan about the effect 
of varnish on the interleaving of the mumetal. If one 
takes a clockspring coil and endeavours to decrease the 
eddy-current losses by soaking it in wax the external 
volume of the core is not altered. Consequently, one 
cannot say that the gap between the interleavings of the 
core has been increased. Nevertheless, the permeability 
of the core decreases by a small but definite quantity, 
and it would appear that this is due to the constraint 
imposed on the turns of the coil by the setting of the 
wax or drying of the varnish, and not to increase in the 
separation between adjacent layers. 

With regard to the stability of nicCel-iron components, 
one of the first nickel-i*on instruments which I con¬ 
structed (in 1927*) has been re-tested at intervals ever 
sijice and no change from the original calibration has 
been detected. This is a great testimony to the reliability 
of the mumetal, even as made 10 years ago. 

A problem which is not mentioned in the paper, but 
which I think is of interest, is that of finding some method 
of discriminating between the various nickel-iron alloys 
employed in practice. I understand that where the 
percentage of iron is less than 50 a test with copper 
sulphate fails to deposit copper on the material, but it 
would be useful to have a more precise test if such is 
available. 

An advantageous feature of mumetal is the simplicity 
of its core-loss and magnetization curves. In dealing with 
current-transformer design it is at times particularly help¬ 
ful to be able to make a mental estimate of the foregoing 
quantities for any given flux density, and whereas with 
silicon steels the curves are too complicated to carry 
in one's head, the “ straight line ” characteristic of 
mumetal makes it comparatively easy to do so for this 
material. 

As regards hydrogen annealing, I noticed the other day 
a statement to the effect that where metals are concerned, 
hydrogen must be treated as an alloying element: thus it 
would appear that if mumetal be annealed in hydrogen, 
the hydrogen will alloy with the metal and produce a 
material which may have unstable characteristics owing 
to the volatile nature of the hydrogen. It is possible that 
this is the explanation of the author’s statement that 
hydrogen annealing is likely to be unsatisfactory. 

I cannot agree with previous speakers or even with the' 
author himself, when they deprecate the value of a.c. 
permeability and loss curves. In current-transformer 
design one has to know the effective a.c. losses and the 
a.c. permeability, and, in spite of their greater academic 
accuracy, d.c. values are not as helpful. It has been 
shown that, for the low values of II obtaining in current 
transformers, the magnetizing current may be considered 
substantially sinusoidal; the use of BjH curves based on 
a.c. values of B and H is thus not as illogical as would at 

* See K. Edgcumbe and F. E. J. Ockenden: Journal I.E.E., 1927, vol. 65, 
p. 553. 
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first appear, and offers considerable advantages to the 
designer. 

Dr. A. B. Everest: With regard to the theories set 
out on page 650, I am inclined to agfee that strain is the 
underlying factor in regard to the properties of high- 
permeability nickel-iron alloys, and this seems to me a 
logical conclusion, seeing that one gets the highest 
permeability with the lowest hysteresis losses and that 
also at very nearly the same composition one gets the 
minimum magnetostriction. 

The author mentions that one of the limitations of 
nickel-iron alloys is their low saturation value, and a case 
on which this has a bearing is that of solenoids for 
operating electric organs. Would it .not be possible, in 
cases of this sort, to employ armatures having composite 
cores, in which the high-permeability* alloy would be 
interleaved with a material *of a higher saturation, such 
as pure iron? By this means it would appear possible 
to combine the advantage of the quick response of the 
nickel-iron alloy wfth the greater power available as a 
result of the higher saturation value of the pure iron. 

Finally, although the author has indicated that he is 
not prepared to discuss nickel-iron allots in powder fon*i, 
is it not possible that this subject might be of interest in 
relation to instruments where powder cores might with 
advantage be employed. A direction in which attention 
is being given to this subject to-day is in the develop¬ 
ment of cores made up from powder with a suitable 
binder such as bakelite, with the result that the core can 
be formed by moulding. 

Mr. G. A. V. Sowter: In spite of its widespread use 
I do not think it is generally appreciated that mumetal is 
not saturated in the earth’s field. A series of letters by 
Dr. E. Hughes, Dr. Spooner, and myself, have been 
published* and indicate how small is the influence of this 
field upon the properties of the alloy. At the Physical 
Society’s Exhibition of about 2 or 3 years ago I gave 
a demonstration in which a mumetal rod fitted with a 
search coil and connected to a galvanometer was reversed 
in the earth’s field to give a resultant change of flux 
density of only a few lines per cm? Also, some tests 
here made by E. W. Smith and H. S. Craig, first of all in 
the earth’s field and then with the earth’s field carefully 
neutralized, show variations in magnetic properties of 
only 1 or 2 per cent. 

In connection with intervalve transformers on factory 
test, most radio manufacturers adopt the method of 
measuring the current and the voltage-drop across the 
primary winding to determine the impedance, but con¬ 
sider this to be wholly reactive for the deduction of 
mductance. Large errors can arise in this method with 
mumetal cores, owing to the fact that in this case the 
magnetizing current and the loss current are comparable, 
whereas with silicon iron the former current greatly 
exceeds the latter. 

Turning to the question of shielding, we have found in 
practice that in a small mumetal box the effects of joints 
are much less than in a large one. Thus a box approxi- 
mateiy 1 cub. in. in volume may show a reduction of 
50 db. at 50 cycles per sec. whilst a box made from the 
same material but of 8 cub. in. volume will only show a 
reduction of 30 db. 

* Electrician , 1934, vol. 113, p. 463. 


In connection with the relative merits of a.c. and d.c. 
tests, I find that it is possible to get quite close correlation 
between an experimental d.c. curve and one derived 
from an a.c. test, except in the region of, maximum 
permeability. 

With regard to a.c. testing, originally one used' the 
wattmeter method, but this has been superseded by the 
Heaviside equal-ratio bridge. Although this involves 
relatively high resistances in series with the wound core 
under test, the form-factor variations are not serious and 
results only differ towards saturation, where they may 
vary by 10 per cent from values obtained on a Maxwell 
bridge. 

On one occasion I found some years ago that the 
measured losses of nine current-transformer cores tested 
as|| a single core were about 20 per cent worse than the 
summation of the results of the individual tests. I came 
to the conclusion that this was due to the extra eddy- 
current losses arising from the fact that the nine cores 
were piled on top of each other. On putting rings of 
insulating material between cores the loss was reduced by 
approximately 20 per cent. This experiment showed us 
the necessity for using narrow strip for spiral cores. 

In connection with hysteresis loops, when the recent 
paper by Dr. Hughes* appeared I was surprised to find 
his assertion that the hysteresis loop of metal was 
asymmetric, as this was in conflict with some results I 
had obtained from experiments carried out in 1924. 
Dr. Hughes has indicated to me, however, that the asym¬ 
metric loop is only obtained when one uses mumetal 
without a gap. I am pleased to say that I have since 
found this to be the case; I will now show the asymmetric 
loop and reverse it, to confirm that he has discovered 
what I call the " Hughes effect.” (Mr. Sowter here gave 
a practical demonstration of the effect.) 

Another question which is frequently asked is: Does 
over-magnetization do any permanent damage to 
mumetal ? I contend that the original properties of the 
material can always be restored by subsequent treat¬ 
ment. It is rather more difficult to demagnetize ring 
samples without a gap than ordinary laminations, but it 
is always possible, although the methods of demag¬ 
netization are by no means perfect. The ordinary 
method of slowing down an alternator seems to give 
very good results, although commercially a potential- 
divider method is employed. 

What is the effect of temperature on mumetal ? An 
increase of temperature up to 100° C. improves the 
properties of the material at that temperature, and 
there is little permanent effect even when the material is 
raised to temperatures such as are employed for the 
bakelizing process. 

We supply many mumetal current-transformer cores 
which are taped and waxed, and, as Mr. Ockenden 
pointed out, this causes a slight reduction in the magnetic 
permeability. It is stated officially that the reduction 

may be up to 10 per cent, but it is not usually so large 
as this. 6 

In connection with ageing, for the mumetal used in the 
loading of laid submarine cables the change in per¬ 
meability during a number of years has only been 1 or 
2 per cent. Also, one Government Department uses a 

* Journal I.E.E., 1936, vol. 79, p. 213. 
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mumetal core with two windings as a standard, and 
ageing has only produced in this a change of about 1 per 
cent. Further, mumetal has been used in relays subject 
to constant vibration day and night for 5 years, and 
they have shown no appreciable change in performance 
during this period. In contrast to this, silicon iron shows 
pronounced ageing effects. 

I should like to say that, so far as I know, H. S. Craig 
first thought of the clockspring type of current-trans¬ 
former core a few years ago, and endeavoured to obtain 
a patent for it. The same idea had occurred about 1880 
to a Russian engineer, who obtained a patent for it, and 
stated the merits of paper interleaving and narrow strip 
for the reduction of losses—a truly remarkable per¬ 
formance for that period. 

Mr. P. W. Willans: I am interested in the paper 
primarily as a user of nickel-iron alloys in transformers 
and chokes for telephonic frequencies, and while I am 
in no doubt whatever as to the excellence of the results 
obtainable with these alloys on high-grade apparatus, I 
feel it is somewhat dangerous to claim, for example, that 
a mumetal transformer can always be advantageously 
used in place of a silicon-steel transformer, even at flux 
densities where saturation does not enter into the 
problem. A radio manufacturer is accustomed to design 
an iron-cored transformer so as to give a definite loss at 
low frequencies, say 3 db. at 100 cycles per sec., such a 
loss being considered tolerable under practical conditions. 
In such circumstances, not only the value but the 
quality, so to speak, of the inductance comes into ques¬ 
tion, and it would appear that the variation of per¬ 
meability with amplitude is an important factor. If, 
owing to such variation, a variable low-frequency attenua¬ 
tion occurs at different signal amplitudes, there must 
necessarily be amplitude distortion and production of 
harmonics. It is my experience that nickel-iron alloys 
are worse in this respect than silicon-steel, and that in 
consequence it is necessary to design for a higher in¬ 
ductance value when using them. If one can attain 
conditions where the low-frequency attenuation is 
negligible, the results obtained by the use of mumetal 
are exceedingly good. I would add, in this connection, 
that this material can be used to great advantage in the 
design of chokes carrying substantial polarizing current, 
an air-gap of suitable length being employed. In a 
small choke built up on stampings weighing 11 oz. an. 
inductance of 700 henrys can be obtained when a current 
of 6 milliamps. is flowing through the windings. Such a 
choke, used in conjunction with a screened tetrode or 
pentode, enables a voltage amplification of 200 to 300 to 
be obtained at frequencies from 40 to 10 000 cycles per 
sec. with negligible frequency distortion. An amplifier 
embodying two such stages and giving a gain of 90, to 
100 db. is a very useful laboratory instrument. 

I am interested to know whether curve (6) in Fig. 5 
corresponds to a core having interleaved or butted 
joints. My surmise is that the joints are interleaved, as 
there appears to be no substantial difference between 
curves (a) and (b) in the region of low flux density, and 
my experience is that there is a definite loss, relative to 
an interleaved core, when the joints are butted. 

With regard to the preparation of data, I appreciate 
that there are so many applications of the materials 


described in the paper that some limits must be set to 
the manner in which their magnetic characteristics are 
set out. I nevertheless venture to make a few observa¬ 
tions and requests* from the standpoint of the class of 
user to which I belong. First, our principal requirement 
is in relation to figures of initial permeability (i.e. corre¬ 
sponding to the very lowest value of alternating flux 
density both with and without polarization of the core), 
since if a transformer or choke gives negligible low- 
frequency attenuation at the lowest values it must do so 
also at the higher values until saturation is attained. 
Secondly, in the case of a polarized core we are interested 
to know the permeability in relation to the steady flux 
density in the core and not in relation to the magnetizing 
force producing this flux density. If the results are 
furnished in th<* latter form it is necessary to convert 
them to the former in order that they may be applied 
to the design of cores having air-gaps, since the magne¬ 
tizing force to produce a given flux density is, of course, 
totally different When there is an air-gap. In tins con¬ 
nection I should like to $raw the author’s attention to a 
paper by Dr. R. T. Beatty* giving an excellent graphical 
method of exhibiting the results obtained from BJH and 
initial-permeability measurements in a manner which 
greatly facilitates the design of such cores. I should 
welcome the provision of data in this form. 

Lastly, I should like to point out that when chokes 
carrying polarizing currents are used in practical tele¬ 
phonic-frequency apparatus the magnetic condition of 
the cores is arrived at as a result of a series of makes and 
breaks in the circuit when the apparatus is switched on 
and off. The transition is thus, not from a given 
polarizing current to the reverse value, but from this 
current to zero. A BjH curve plotted from data corre¬ 
sponding to make and break, and not to reversal, might 
turn out to be substantially different from that ordinarily 
published and, if so, it is the curve we want. 

Mr. J. G. Story: I am interested in the application of 
high-permeability alloys to the design of audio-frequency 
transformers. 

Audio-frequency transformers can roughly be divided 
into two classes—those working between low impedances, 
and those working between high impedances. Whereas 
in the first class the reduction of leakage reactance is, 
of course, important, in the second class the reduction 
of effective winding capacitance is often more important, 
especially when the transformer is working into a tetrode 
or pentode valve. It is obvious that high-permeability 
alloys aid the design of the transformer working between 
low impedances but it is not, perhaps, so apparent that 
as the permeability of the core is raised the effective 
winding capacitance is, in general, reduced. I haVfe 
usually found that the smaller the core adopted, the less 
is the effective winding capacitance; and, of course, high- 
permeability materials permit, within limits, the adoption 
of a smaller core size. In audio-frequency transformers 
one serious limitation to the reduction of the core size is, 
as Mr. Willans has said, the harmonic distortion that may 
be introduced by these high-permeability alloys. 

I have recently made a number of measurements of the 
harmonic distortion introduced by interleaved trans¬ 
former cores of various materials at a frequency of 
* Wireless Engineer, 1934, vol. 11, p. 61. 
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50 cycles per sec. As an illustration of the limitations of 
the high-permeability alloys in this respect I found, for 
instance, that, when the primary reactance was made 
equal to 4 times the combined referjed load and source 
resistance, for a total of 1 per cent harmonic distortion 
(on a voltage basis) “ radio metal ” could be worked at a 
maximum flux density of about 1 000 gauss, mumetal at 
2 500 gauss, and permalloy C at 2 000 gauss; whereas 
ordinary stalloy could be worked at 4*000 gauss and a 
special stalloy can be obtained which will stand 
6 000 gauss for the same percentage harmonic. For a 
total of 2 per cent harmonic the relative order of mumetal 
and radio metal is reversed, radio metal allowing a 
maximum flux density of about 6 000 gauss and mumetal 
about 3 500 gauss. * 

A further limitation to the reduction*of the core size 
is the drop in the effective permeability. I should like 
to ask the author how much of this drop is*due to 
metallurgical reasons, and whether the structure of the 
material, and therefore the permeability, is upset near 
the edges of the stampings owing to shearing strains. If 
this is the case, to what depth is the permeability impaired ? 

Dr. W. G. Radley: On page 658 the author gives 
some figures showing the improvement on the " on ” anS. 

off ” current ratio of polarized relays which can be 
obtained by replacing the iron cores by mumetal cores. 
The improvement follows from the much smaller mag¬ 
netizing force required to reverse the flux in the mumetal 
core. Many polarized telegraph relays are in operation 
with such cores. Most telephone relays are not made of 
mumetal, for the reason the author mentions, namely 
that they have to deal with large quantities of energy. 
Release of such relays is brought about by a spring load 
on collapse or reduction of the flux. At many points 
in a modem telephone circuit such relays have to respond 
to, and repeat, trains of signalling impulses. The greater 
the difference between the current required to operate the 
relay and that just allowing it to release, the greater is the 
difficulty of repeating such a train without distorting the 
length of individual impulses. Has the author figures 
for non-polarized relays corresporiding to those given on 
page 658 ? 5 

Mr. A. J. Gibbons: I have' one question to put in 
connection with the effect on mumetal current trans¬ 
formers of heavy magnetization such as may be produced 
by currents up to 40 or 50 times the normal full-load 
primary value, which have a strong d.c. component. 
Such a current will be interrupted by an oil circuit- 
breaker at or about zero value. What will be the effect 
of this very drastic treatment, over which we have no 
control whatever, on the losses of the mumetal core ? I 
am prepared to agree at once that the losses normally are 
so small that even a considerable increase would not 
materially affect the performance of the current 
transformer. 

Mr. G. W. Elmen (U.S.A.) ( communicated ): The paper 
under discussion is further evidence of the importance 
of the lugh-permeability iron-nickel alloys as magnetic 
materials. It covers a considerable amount of ground 
historically and with implications with which I am not 
aiways in agreement. In particular, there is not brought 
out the failure of the early investigators to explore the 
low-flux-density region, and their lack of interest in it 


In that connection pertinent references will be found in 
a recent American I.E.E. paper* and its discussion.f 
The author’s experience in the production of mumetal 
is along the same lines as that of others who have been 
concerned in the development of iron-nickel alloys for 
magnetic use and in their quantity production on a com¬ 
mercial scale. In some instances methods other than 
those described in the paper have been found more ad¬ 
vantageous; for example, these alloys have been produced 
satisfactorily on a commercial scale by melting both in 
the low-frequency induction furnace and in the arc 
furnace. 

As a laboratory tool the small high-frequency furnace 
is invaluable, but it would not be correct to say that it 
made the investigation of these alloys possible. In fact, 
that type of furnace was not available when I began my 
owfa investigation of these alloys in 1913. The permalloy 
alloys, which gave the first indication of extremely high 
permeabilities, were produced by the then prevailing 
commercial melting technique. 

In analysing the magnetic data in the paper I find 
myself handicapped by the lack of definite statements 
of the compositions used. It would seem from the patent 
references that the mumetal discussed is a nickel-iron 
alloy containing between 70 and 80 per cent nickel and 
a few per cent copper. My experience with these alloys 
is that such an addition of copper increases the resistivity 
but slightly, and has little effect on the magnetic charac¬ 
teristics except for a gradual decrease in the saturation 
induction with the increase in the copper content. The 
resistivity of about 50 microhm per cm. cube, which the 
author mentions for the alloy discussed in the paper, is 
the same as I obtained by adding 2 per cent chromium 
to 78-6-permalloy (see American I.E.E, paper quoted 
above). 

The statement that the extremely high permeability 
is decreased when the permalloy is modified by the addi¬ 
tion of other metals, must not be accepted without 
reservations; for example, 3 • 8-78• 5 Mo-permalloy deve¬ 
lops an initial permeability of about 20 000 with ordinary 
commercial control, as compared with 10 000 for 78-5- 
permalloy quenched at the proper cooling rate from 
600° C. (not by " slow cooling,” as stated on page 651). 

The curves in Fig. 1 are vivid illustrations of the impor¬ 
tance of prior mechanical and heat treatment on the final 
qualities of a magnetic alloy. In addition, the effects of 
rolling direction, and of mechanical distortion and strain, 
on the final heat-treated core properties are noteworthy' 
and typical of alloys of the permalloy type. 

The numerous conditions which must be satisfied in 
the production of high-permeability iron-nickel alloys 
would seem to indicate that they are difficult to handle 
on a large commercial scale. Comparatively speaking, 
elie verse is the case, for these alloys are produced with 
rather large latitude in composition, and particularly in 
impurity content. To produce permeabilities of the 
same order m iron (and this can now be done in the 
laboratory) extreme care must be taken to eliminate 
traces of impurities which need not be considered in the 
production of the permalloys. 

Dr. E. P. Harrison ( communicated): With regard to 
* Electrical Engineering, 1935, vol. 54, p. 1292 

T IbM., 1936, vol. 55, p. S87. 
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the question of “ purity ” and the effect of hydrogen 
in particular, it appears to be the general view at the 
moment that the strildng improvement in permeability 
effected by heating in this gas is not to be completely 
explained as a result of chemical reduction of undesirable 
traces of " impurity.” There seems to be evidence that 
hydrogen in small quantities modifies the fundamental 
characteristics of the alloy.* In any case, im portant 
information might well be obtained by using an atmo¬ 
sphere of hydrogen during the melt itself in the induction 
furnace. It is well recognized, I believe, that a hydrogen 
atmosphere during the annealings following each stage 3f 
hot drawing (in the case of wire production) has proved 
to be essential in giving to the alloy the highest per¬ 
meability after the final appropriate heat-treatment. 

Some interesting results connected with these allgys 
involve the effect of passing audio-frequency alternating 
current through a wire of the material. If, for instance, 
a No. 36 S.W.G. wire, 15 cm. long, of high-permeability 
mumetal, is supplied with alternating current at 500 
cycles per sec., a change of 20 per cent in its effective 
resistance is caused by simply rotating it in a horizontal 
plane through 90° in the earth’s magnetic field.f This is 
a skin-effect phenomenon the theory of which is much 
complicated by the fact that the permeability cannot be 
regarded as even approximately constant over the cross- 
section of the wire. 

As regards the effect of strain on hysteresis, I have 
found that if a wire (No. 26 S.W.G.) of the alloy is 
subjected to a tension of about 276 kg. per cm? (1 lb. 
weight on the wire), and if at the same time the wire 
carries 17 milliamps. alternating current, the B/H curve 
shows zero measurable hysteresis. The maximum field 
values in the case which I investigated were 0 • 5 c.g.s., 
so that the measurements were carried well beyond the 
shoulder of the loop. 

The paper raises several very interesting points, one of 
which is the consideration of the zero-magnetostriction 
composition in its relation to the maximum-permeability 
composition which the author discusses on page 650. 

Mr. H. Horwood ( communicated ): I am rather 
interested to find that certain unorthodox theories put 
forward by me in a semi-metaphysical paperJ written 
about two years ago, are somewhat confirmed by the 
present author’s findings. Molecular ” ordering,” crystal 
orientation, and grain orientation effected by rolling, 
mentioned by him, remind me of some of the unusual 
remarks I then gave vent to, e.g. . . the scattered 
unorganized atoms are marshalled together in a certain 
order.” " When magnetized to saturation every possible 
atom is mobilized and lined up.” 

In this connection Fig. 4 in the paper is especially 
interesting. The variation of permeability with rolling 
direction seems to depend upon the cosine of the angle 
between the flux and the rolling direction. Thus at 60° 
one would expect the curve to reach a maximum of about 
3 000, and it would be useful if the author could give some 
actual figures obtained at other angles, as already sug¬ 
gested by Mr. Beringer. 

* J. C. Chaston: “ Permalloys and Related Ferromagnetic Alloys,” Electrical 
Communication, 1936, vol. 16, p. 38. 

t R- P- Harrison, G. L. Turney, H. Rowe, and H. Gollop: Proceedings of 
the Royal Society, 1936, vol. 157, p. 451. 

t “ Matter, Electricity, and other Material Phenomena,” Electrical Supervisor, 
1935, vol. 15, p. 273. 


Mr. W. F. Randall {in reply): I wish to thank those 
who contributed to the discussion for raising matters 
consideration of which has opened up new points of view 
upon unsolved problems relating to high-permeability 
alloys. 

I agree with Mr. Webb that the most important factor 
influencing development of high magnetic permeability 
appears to be th$ elimination of mechanical and magneto- 
strictive stresses; but, in the operation of this factor, 
grain, orientation must play a very important part, for 
magnetostriction varies with the direction in which the 
crystal is magnetized. Magnetization during the cooling 
period of the heat-treatment cycle facilitates the estab¬ 
lishment of stress.equilibrium by creating stresses at a 
stage when the plasticity and molecular activity are high 
and sufficient for the metal to adjust itself to a strain- 
free, magnetized, condition.* The fact that iron does not 
respond to this magnetic treatment may be due to the 
wide variation, in weak fields, of magnetostriction effects 
with increasing magnetizing forces ifi that metal. In the 
nickel-iron alloys magnetostriction is fairly constant or 
increases at a steady slow rate, whereas in iron the effect 
%t first increases*rapidly and after reaching a maximum 
falls away again to negative values. In consequence 
there is a greater variation of stress when magnetization 
is effected in iron, and a magnetizing force of fixed 
magnitude would not so easily achieve the essential 
strain-free condition. The reduction of hysteresis by 
compensating stress, illustrated by Dr. Harrison’s ex¬ 
periment, lends support to the theory proposed, for low 
hysteresis is closely associated v/ith magnetic softness 
and high permeability. 

Mr. Buchanan suggests grading of mumetal to meet a 
commercial need. This is already done to some extent 
and, if the demand is sufficient, co-operation with 
designers to formulate such specifications will be wel¬ 
comed. 

The improvement due to straightforward hydrogen 
annealing may be put down mainly to the release of 
strain, consequent upon the reduction and removal of 
inclusions. Such effects are as permanent as those pro¬ 
duced by ordinary heat treatment, but the results ob¬ 
tained by Cioffi (referred to by Mr. Ockenden and Dr. 
Harrison) cannot be explained on this basis, as special 
temperatures and gas pressures are essential to develop 
the extremely high permeabilities obtained. These 
figures are most easily explained on the assumption that 
the gas is alloyed (or occluded, which appears to be a 
similar condition) with the metal, and in such cases the 
high permeability is readily destroyed. Dr. Harrison’s 
proposal to subject the metal itself to hydrogen treat¬ 
ment during melting would therefore only be valuable 
for the purifying action, as the hydrogen “ alloy,” re¬ 
quiring definite temperature-pressure conditions for its 
formation, would be destroyed or could not be formed 
in the melting process. The advantages of this method 
of melting have been realized but practical application is 
not easy. 

The investigations carried out by Von Auwers and 
Neumann (mentioned by Mr. Webb) are a most valuable 
contribution to the study of high-permeability alloys. 
Alloy “ 1040 ” was developed from this work, and I 
believe that its manufacture demands a more specialized 
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technique in melting and working than does mumetal. 
As far as I know it is not yet available commercially. 

The basis of both " 1040 ” and mumetal is the 
addition of copper (about 5 % in tie case of mumetal 
and a considerably higher proportion in the case of 
" 1040 ”) to a nickel-iron alloy, and, as Mr. Elmen points 
out, this addition causes a proportionate decrease in the 
saturation induction. The advantage £pund in the case 
of mumetal is that the resultant alloy is less susceptible 
to heat-treatment variations, and high permeability can 
be developed by an ordinary annealing process. 

Messrs. Buchanan and Beringer raise questions relevant 
to Fig. 4. Owing to the fact that initial permeability is 
generally of greatest importance in commercial applica¬ 
tions, rolling procedure is adjusted to achieve the highest 
value of fx, 0 in accordance with the requirements shown 
in Fig. 1. In agreement with this, at 45° to the rolling 
direction p, 0 has a value which is the average of its values 
parallel to and at right angles to that direction (Fig. 4); 
but, as H increases, the variation of p with grain orienta¬ 
tion (as determined by rolling) alters, and this may 
explain why ix max at 45° is not also a corresponding 
average value. * # 

Fig. 14 is plotted from observed results. The slight 
rise in incremental permeability is definitely shown, and 
the phenomenon becomes more evident as the frequency 
is increased. The reason is not easy to see. 

The drastic treatment which Mr. Gibbons proposes to 
give the current-transformer cores would have a small 
temporary effect on both ratio and phase-angle errors, 
but the original condition of the core would be restored 
by simple demagnetization. 

Dr. Hughes’s remarks are of great interest. At present 
it appears that our knowledge of magnetic phenomena is 
insufficient for us to obtain complete concordance of d.c. 
and a.c. magnetization curves, or to deduce a.c. behaviour 
accurately from d.c. data. Fig. 8, however, although 
possibly at fault basically, enables us to gauge a.c. 
performance and to design accordingly. 

A higher-resistivity alloy for cable loading is required 
by Dr. Smith. Resistivity can be increased readily, but 
unfortunately this is accompanied, according to our 
present knowledge, by a decrease in permeability. 

Dr. Everest suggests that composite cores of nickel- 
iron alloy and pure iron would be advantageous in 
certain applications. This principle, in which'a nickel- 
iron tube encloses a soft-iron core, has in fact already 
been applied to telephone relays. In connection with 
the figures given on page 657 relating to radio trans¬ 
former cores, the weight of a silicon iron core to give 
^equivalent inductance is about 1-|- lb. I regret that the 
figures for non-polarized relays required by Dr. Radley 
are not available. 

In leply to Mr. Willans’s remarks, I am appending a 
curve showing (Fig. C) incremental permeability as a 
function of induction, and wish to thank him for his 
suggestions as to the way in which magnetic data are 
most conveniently presented. The other data required 
appear in the published booklets. 

Mr. Story says that he has noted a falling-off in 
effective permeability with reduction of core size. I 
know of no metallurgical reason to account for this, and 
su §ff es I that it may be due to the greater proportionate 


effects of the joints in small stamping assemblies. 
Laminations are of course heat-treated after stamping, 
so that the effect of the sheared edges is eliminated. 
The effect of a simple shearing operation would hardly 
be noticeable on heat-treated strip if it were certain that 
no bending or distortion of the metal had been occasioned 
by the operation, but it is very difficult to ensure this in 
practice. 

The magnetic “ stratification ” of worked mumetal 
indicated by the results quoted by Dr. Hughes and Dr. 
Harrison has been observed, but is not yet explained or 
fully investigated. The phenomenon is, however, more 
pronounced as the section becomes thinner and the fre¬ 
quency higher. The explanation of the variation of per¬ 
meability shown in Fig. 3 may not be quite, so simple as 





Fig. C.—Incremental-permeability curves for radio metal, 
obtained at 50 cycles per sec. with polarizing flux density.’ 


that given in the text, for the curve as drawn applies to 
50-cycle conditions, and the shape is very different at 
higher frequencies. This is illustrated by the change¬ 
over of the B/H curves shown by comparing Fig. 12 
(50 cycles) with Fig. 13 (2 500 cycles). 

In the discussion questions were asked about the 
saturation induction of nickel-iron alloys. This property 
of magnetic materials is a physical constant determined, 
according to the latest hypotheses, by the constitution 
of the atom, so that its value is unlikely to be altered or 
controlled by comparatively simple processes such as 
adjustment of grain orientation or heat-treatment, which 
have, as shown, a very considerable effect upon crystal 
structure and permeability. If higher saturations are 
required in combination with high permeability the 
problem will most likely be solved by the development of 
high permeabilities in alloys which are already known to 
have high saturation induction. 
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Mr. Ockenden calls for a test discriminating between 
various nickel-iron alloys. I know of no rapid method 
other than that mentioned, and for closer identification 
it would be necessary to resort to chemical analysis. 

Mr. Elmen’s pioneer work on the magnetic properties 
of nickel-iron alloys at low flux densities makes his 
remarks of particular interest. In my own experience it 
is difficult to ensure production of a consistent high- 
quality material by arc-furnace melting, and it is note¬ 
worthy that these alloys have been produced satis¬ 


factorily by that means. I agree, nevertheless, with Mr. 
Elmen’s statement that nickel-iron alloys are less difficult 
to manufacture than is iron of similar permeability. 
The latter product demands very specialized methods 
which are hardly beyond the laboratory stage, but in 
my paper I have compared the methods of production 
of nickel-iron alloys with standard methods employed 
in metallurgical practice and, judged by this standard, 
Mr. Elmen will agree that nickel-iron alloys require a 
much greater and stricter degree of control. 


DISCUSSION ON 

“THE ELECTRICAL CHARACTERISTICS OF 132-kV LINE INSULATORS 

UNDER VARIOUS WEATHER CONDITIONS ”*• 

WESTERN CENTRE, AT CARDIFF, 8TH FEBRUARY, 1937 


Mr. C. T. Allan: I should like to ask why suspension 
insulators are less satisfactory when used as such, namely 
in a vertical string, than when operated as tension in¬ 
sulators in a more or less horizontal position. One would 
have expected the reverse to be the case, because in the 
horizontal position the insulators would be more liable 
to be wetted on both sides. 

I am interested in the revival of the oil-filled insulator, 
and I am prompted to ask whether, after some time in 
service, creepage of the oil over the insulator surface 
does not result in that surface being covered with dust, 
insects, thistledown, etc., as used to be the case; and 
whether this does not result in a flashover or breakdown 
of the insulator. 

Mr. J. B. J. Higham: There are two questions I 
should like to ask the author. First, would the removal 
of the metal shields from the oil type of insulator affect 
the electrical characteristics to any great extent ? Second, 
in what way is the potential gradient on a string of in¬ 
sulators affected by dirt-deposit and fog conditions? 
Does the potential across the string tend to become 
equally divided, or does the change of impedance with 
change of potential on each unit tend to cause unstable 
conditions ? 

Mr. G. H. Bowden: My experience in testing high- 
voltage outdoor insulators has been limited to the taking 
of dry- and wet-sparkover voltages of post- and pin-type 
insulators, and the paper shows me that, since I was last 
engaged in that type of work, the technique of testing 
has developed considerably. 

In testing, irregular or peaky voltages have appre¬ 
ciable effect in bringing about the breakdown of air in¬ 
sulation. Anyone who has witnessed either insulator 
tests or insulator operation under adverse climatic con¬ 
ditions must realize that high-frequency voltages are 
very evident. I would ask the author whether these 
high-frequency voltages have been found to have appre¬ 
ciable effect in his tests. If the testing supply had appre¬ 
ciable line-to-earth capacitance, such as would be the 
case if the strings under test were connected to an over- 

* Paper by Mr. J. S. Forrest (see vol. 79, p. 401). 


iead line, would the test results be appreciably altered ? 
It appears to me that, if the insulator discharge had 
any tendency to generate high-frequency voltages, the 
high-frequency impedance of the testing supply shown 
in Fig. 4 would choke any high-frequency current tending 
to flow between the units of the string under test. 

Under fog conditions that lead to dirt being deposited 
on the insulator surface, is the mechanism of breakdown 
of the insulator chain a sort of train effect, one unit 
breaking down after the other until the whole string 
flashes over? Further, is it the arc which passes over 
the insulator surface that flashes over, or does the 
insulator surface-discharge so ionize the air surrounding 
the insulator that the new arc forming the actual flash- 
over is permitted to pass ? 

I note that the leakage current is taken from the 
bottom insulator but one, and the cap-to-pin capacitance 
of this insulator, together with the core-to-sheath capa¬ 
citance of the test leads, will tend to bypass any high- 
frequency current from the testing instruments. The 
order of these capacitances would be interesting infor¬ 
mation, as would also oscillograph records of the voltages 
applying—on a time-base which would show accentuated 
the irregularities occurring in the applied voltages. 

Mr. G. E. Whitehead: Some few years ago Mr. Arthur 
Ellis was interested in the problem of grime and salt 
deposit on overhead-line insulators, and at his suggestion 
I had a string of shed insulators rigged up, under which 
for some months garden refuse was burnt with a vierv 
to ascertaining the effectiveness of a simple device that 
I was anxious to try out for preventing settlement of 
deposits. The device took the form of a brush windmill 
composed of bristles such as are utilized for cleaning small 
bottles, on a light cane frame foundation. The bristles 
of the central ring acted as spacers, and three vanes were 
arranged at a suitable angle for rotation by the wind 
(these were very light and did not affect the glazing). 
Sufficient intermittent movement apparently took place 
at intervals, but during bad weather the action of wind 
and rain ensured a perfectly clean surface except for those 
parts not operated on, where the grime deposit was more 
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or less solid. In gusty weather two of these devices bution along the string under humid conditions is deter- 


reached the higher insulator and thoroughly cleansed the 
corrugated under-side. 

The point of interest was whether the disadvantage 
of the device on the smooth upper plain surface of the 
insulator would be more than compensated for by the 
clean condition of the insulator generally. Behind the 
experiment was the somewhat vague idea that the neces¬ 
sity of ascending towers to clean insulators could be 
avoided at the probable cost of, say, 2d. per insulator, 
estimating the life of the device at 2 years. 

Although this experiment was not intended as a serious 
contribution to the problem, and the patents were 
allowed to lapse, it was very interesting some 2 years 
afterwards to find that the identical device, evidently 
made from the patent drawing, but of‘German origin, 
had been sent to an engineering firm in this country as 
a sample. • 

Mr. W. Hill: I should like to know the capacity of the 
author’s testing trarffeformer. I believe that, unless the 
transformer is big enough to maintain the voltage with 
heavy leakage currents, very distorted readings may be 
obtained. Similarly I should like to know more abouj: 
the selection of the test voltage, because I do not think 
one can make tests at a single voltage and get com¬ 
parative results by a simple proportion sum. When 
experimenting on anti-salt insulators we certainly had 
a good deal of difficulty arising from both the above 
points. 

I should also ask whether any investigation has been 
made of the field round the insulator. In the design 
of anti-salt insulators which have proved satisfactory 
over many years and through many salt storms, we 
found the most important factor was investigation of the 
field. I suggest that the field round the insulator may 
play an important part in the explanation of the different 
results obtained on suspension and on end strain strings 
of insulators. 

Mr. Horace G. Weaver: I should like to ask the 
author whether any material other than porcelain has 
been tried or suggested for making these ins ula tors. 

Mr. J. S. Forrest {in re-ply ): In reply to Mr. Allan, 
the superiority of tension strings over suspension strings 
of similar units appears to be due to the fact that both 
sides of the tension insulators are subjected to the cle anin g 
action of wind and rain. A clean porcelain surface is 
quite a good insulator even when wetted, while a soiled 
porcelain surface is a very poor insulator in a humid 
atmosphere even if it is not directly exposed to rain. In 
addition, it is possible that in the case of tension insulators 
there is less tendency for the leakage-current surges to 
develop into complete flashovers. 

With regard to oil-filled insulators, creepage of the oil 
over the outer surface does occur after several months, 
with the result that foreign bodies become attached to 
the insulator surface. This does not appear to be detri¬ 
mental, however, as the performance of the insulator 
remains satisfactory. 

In reply to Mr. Higham, it is not considered that the 
removal of the metal shields from the oil-filled insulators 
would affect the electrical characteristics to any great 
extent. Although the metal shields tend to make the 
capacitance grading more uniform,, the potential distri- 


mined mainly by the leakage over the insulator units. 
Under foggy or even humid conditions, the potential 
distribution along a string of insulators becomes much 
less uniform than under dry weather conditions. The 
mechanism of this phenomenon appears to be as follows: 
Under dry weather conditions, although the voltage dis¬ 
tribution along a string is fairly uniform, the potential- 
drops across all units are not exactly the same. Now, 
as .shown in the paper, under humid conditions the 
impedance of a porcelain insulator increases as the applied 
\rt)ltage increases. In damp weather, therefore, the units 
having the smallest potential-drop tend to have a lower 
impedance than the other units in the string. Conse¬ 
quently, the voltage across the former units decreases 
still further, and as a result the excess voltage is applied 
to the latter units, thus increasing their impedance and 
in turn the voltage-drop across them. The potential 
distribution is accordingly unstable under humid con¬ 
ditions, and the ultimate result is that the voltage-drop 
across some of the units is negligible, while the others are 
working at voltages much in excess of normal. 

In reply to Mr. Bowden, it is not considered that high- 
frequency voltages (in the true sense of the term) have 
an appreciable effect on the test results, and the observed 
phenomena can adequately be explained in terms of 
ordinary power frequencies. The capacitance of the 
screened testing leads is about 50 pp,F per ft., and the 
total shunting capacitance is not large enough to have 
any appreciable effect. Complete flashover of the 
insulator string probably takes place when, owing to the 
irregular potential distribution across the units and across 
parts of the same unit, the local voltage-gradient in the 
surrounding air becomes high enough to lead to ionization 
and breakdown. 

The device mentioned by Mr. Whitehead can literally 
be described as a self-cleaning insulator. It was probably 
wise, however, to allow the patents to lapse. 

In reply to Mr. Hill, the capacity of the testing trans¬ 
former is 150 kVA. It is essential that a sufficiently 
large testing transformer should be used. In the present 
case the largest leakage surges commonly recorded have 
a value of only about 5 per cent of the full-load current 
of the transformer, and it is considered that the trans¬ 
former capacity is quite adequate. 

With regard to the voltage which should be employed 
for insulator testing, it is important that tests should be 
made at the working voltage, and it is true that measure¬ 
ments made at any other voltage may be very misleading. 
The normal working voltage to earth of the 132-kV grid 
lines is 76 kV, while the maximum working voltage 
is 85 kV, the voltage which was selected for test 
purposes. 

The field in the neighbourhood of the insulators has not 
been investigated, and it seems probable that such an 
investigation would be more likely to lead to fruitful 
results in the case of pin-type insulators than in the case 
of cap-and-pin units. 

In reply to Mr. Weaver, insulators have also been 
manufactured from ordinary glass, toughened glass, and 
Byrex; but, in spite of its poor surface-resistance charac¬ 
teristics, porcelain still appears to be the most satisfactory 
material. 



DISCUSSION ON 

“THE HIGH-PRESSURE MERCURY-VAPOUR LAMP IN PUBLIC 

LIGHTING ”* 

WESTERN CENTRE, AT BRISTOL, 14th DECEMBER, 1936 


Mr. J. Fradsall Smith: The problem of improvea 
highway lighting is not one for electrical engineers alone, 
and to achieve the best results the closest co-operation is 
necessary between illuminating engineers, highway en¬ 
gineers, and those who have occasion to use the rog,ds 
for transport. 

The nature of the surface of a road undoubtedly has 
a great effect on the efficiency of the lighting system 
installed, and it must be admitted that a lighting system 
which gives good results on clear dry nights can give 
very poor results when wet murky conditions prevail. 
Polished dark-coloured road surfaces appear to be the 
worst offenders, as they produce a road aspect which is 
divided sharply between completely black obscure 
patches and shiny patches which are almost dazzling in 
comparison. A number of roads recently have been 
covered with a coarse grey-green gravel, which appears 
little different under dark wet conditions from clear dry 
conditions. 

There is, further, as most people who have driven 
cars this winter will agree, considerable scope for im¬ 
provement of windscreen visibility. A well-illuminated 
road surface can be considerably nullified from a 
motorist’s point of view by windscreens which do not 
permit a wide angle of vision and have a tendency con¬ 
tinuously to become fogged and blurred. 

Apparently the opinion is firmly held by some that 
local-authority economics may prevent the adoption of 
comprehensive and efficient highway lighting. Bearing 
in mind that the accident rate approaches 200 000 people 
a year (and with the increase of traffic there is every 
likelihood that if present road conditions continue the 
rate will rise), it must be apparent that if the loss due 
to these regrettable accidents could be assessed as money 
value their total annual cost would be extremely heavy. 
Many of these accidents must result from poor driving 
visibility, and the annual loss from this cause if capital¬ 
ized would represent many millions of pounds of ex¬ 
penditure. The matter is therefore not one of local 
economics. It assumes the magnitude of a national 
problem, which must be treated nationally, in the same 
manner as ultimately the whole question of highways 
will be treated. 

Modern highways, by reason of the nature and extent 
of their construction, are extremely costly, and it seems 
a pity that the benefit of such highways should be 
minim ized for many hours of the day by the provision 
of ineffectual illuminating equipment. The development 
of lam ps such as those described in the paper has pro- 

* Paper by Messrs. G. H. Wilson, E. L. Damant, and J. M. Waldram (see 
vol. 79, pp. 241 and 501). 
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vided an opportunity of illuminating roads more gener¬ 
ously than has been possible for an equal amount of 
capital expenditure in the past. 

Mr. Bernard Carlton Robinson : With reference to 
Fig. 11 and the Question of the mains current, I note that 
the authors suggest that switchgear suitable for a filament 
lamp of the same light output as the h.p.m.v. lamp 
should be used. This means in practice that the rated 
current in the circuit should be multiplied by 3, to give 
the capacity of the switckgear. The mains-current curve 
in Fig. 11 does not appear to confirm that the capacity 
jjeed be so hi^h. Is there any other factor which 
influences the choice of switchgear ? 

Figs. 14 and 15 show typical arrangements of the 
choke and condenser for street lighting equipment. As 
discharge lighting is now being widely adopted in indus¬ 
trial premises, it is quite often necessary to mount this 
apparatus on walls and beams in ordinary buildings. 
Up to the present the makers do not appear to have 
placed on the market any chokes or condensers designed 
particularly for this purpose. Those designed for street¬ 
lighting use are not provided with screwed entry, and 
the loose leads from the choke are not ideal. Are the 
manufacturers bearing such points in mind, and may 
condensers and chokes of an industrial design be expected 
in the near future ? 

Finally, can the authors tell us whether recent research 
offers any hope of h.p.m.v. lamps being designed which 
do not require expensive accessories such as the choke 
and condenser for their normal operation ? 

Mr. S. Hartland : Though the mercury lamp and the 
sodium lamp both provide good visibility there appears 
to be a marked difference in the clarity of the light 
given by the two lamps, and this difference is not 
necessarily due to colour. I would liken the clarity 
provided by the mercury lamp to sunrise, and that 
provided by the sodium lamp to sunset, conditions. 

Mr. W. A. H. Parker: No mention is made in the 
paper of the flickering effect which is inseparable from 
discharge lamps of all types, and I assume that no 
difficulty due to this effect has been experienced when 
using these lamps for street-lighting purposes. In the 
case of industrial applications we received some com¬ 
plaints, but they were overcome when we connected 
adjacent lamps to different phases of the supply. 

Mr. Horace G. Weaver : I have had some experience 
of the use of the h.p.m.v. lamp in steelworks, where the 
temperature of the steel during rolling has to be esti¬ 
mated from its colour as judged by the eye. It was 
feared that h.p.m.v. lighting would affect the apparent 
colour and cause difficulty, and it was therefore intro- 

9] 
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duced gradually, until the lighting consisted almost 
entirely of these lamps, but no difficulty was experienced 
in this respect. The mercury-vapour lamp has proved 
to be very successful when used foj* illuminating mills 
for cold-rolling bright steel strip, the surface of which 
has to be carefully watched for defects. The light from 
this type of source appears to show up defects more 
clearly than that from metal-filament letups, but on the 
other hand it has led to difficulty in reading the markings 
on micrometers. The reason for this is rather obscure, 
as the readings can be obtained quite easily where 
metal-filament lamps are used but the foot-candle pow r er 
of illumination is much lower. 

The starting characteristic of the h.p.m.v. lamp is a 
disadvantage for works lighting, as a momentary failure 
of the supply causes several minutes of* total darkness, 
unless a number of metal-fildnient lamps are also used. 
Speaking generally, the new type of lighting has been 
welcomed by the workmen. 

Mr. Harold Midgfley: Whilst the paper primarily sets 
out to deal with the h.p.m.v. ksmp in public lighting, it 
actually goes very much beyond this, as the comments 
on the installation refer equally well to* any other form 
of lamp. In a similar way, whilst my remarks will be 
confined to the question of installation they are not 
limited to the use of mercury-vapour lamps. 

With regard to spacing, the authors suggest not more 
than 300 ft. on both sides of a straight road (one lamp 
per 150-ft. run). Owing to the interference which may 
be caused by a large vehicle, I would strongly urge that 
this should certainly not be exceeded and that the 
shorter the distance permitted by financial considerations 
the better. I have found by experience that road 
brightness may be practically entirely lost to a driver 
following, say, a double-decked omnibus, owing to the 
latter shielding the light source, and the greater the 
spacing of the lights the longer does such interference 
last. 

I should like to have the authors’ opinion as to the 
relative merits of 125-watt h.p.m.v. lamps at 180-ft. 
spacing on both sides of a straight road (one lamp per 
90-ft, run) as compared with 400-watt h.p.m.v. lamps 
at 250-ft. or even 300-ft. spacing on both sides of a 
straight road (one lamp per 125- to 150-ft. run). Although 
the watts per foot of the former are only about half 
those of the latter, will not there be a much smaller 
proportion of the road with black patches in the case 
of the smaller lamps more closely spaced ? Further, the 
inconvenience due to the failure of a lamp will be less 
with the closer spacing. 

- :t is interesting to compare the lighting of the Mersey 
Tunnel, where the consumption is 15 watts per foot run 
for a direct illumination of 1 *5 to 2 ’0 foot-candles, with 
the use of 400-watt mercury-vapour lamps at 250-ft. 
spacing on both sides of a straight road (one lamp per 
125-ft, run), and therefore requiring 3-2 watts per foot 
to give illumination by silhouette. 

The authors do not make specific reference to the 
question of wet roads. In view of the fact that the 
visibility of a motorist is usually reduced in wet weather, 
no matter how efficient his windscreen wiper, it is 
essential that the road lighting should then be entirely 
satisfactory, but unfortunately water on a road surface 


totally alters the shape of the bright areas, considerably 
narrowing them. It is therefore essential that the public 
lighting should be designed to be adequate under wet- 
weather conditions, a point which very often appears 
to be overlooked. 

Mr. D. R. Beckett: In view of the authors' advocacy 
of staggered lighting by means of lamps supported on 
posts at the side of the roads, and their remark that 
central suspension lighting is suitable for narrow roads 
onfy, I should like to have their opinion as to the 
maximum width of road (measured between kerbs) 
which can be illuminated satisfactorily by means of the 
central suspension system. 

It appears to me that the light given by the 80-watt 
discharge lamp shown at the end of the authors’ demon¬ 
stration was of a somewhat more pleasing colour than 
that given by the 400-watt lamp shown at the beginning. 
I should therefore like to ask the actual percentages of 
red rays present in the light outputs of the two lamps. 

Mr. L. F, A. Driscoll: Will the authors please state 
the reasons why the h.p.m.v. lamp has been developed 
in this country in preference to the sodium lamp, which 
has apparently met with very successful results in other 
countries ? 

Having regard to the disastrous effect of the upward 
bow of the arc softening the inner glass tube and causing 
a bulge due to the difference in pressure between the 
inner and outer envelopes when the lamp is tilted 
beyond 5° from the vertical, it would be interesting to 
know what these pressures are for both low-pressure 
and high-pressure mercury-vapour lamps. 

It is understood that the 80-watt bayonet-cap lamp 
demonstrated by the authors requires a choke and con¬ 
denser, and I should like to know whether they consider 
such units suitable for domestic application, and what 
the approximate cost per point would be. Possibly 
some colour correction would be necessary. 

They state that the outer glass, which becomes the 
final radiator of heat, runs at a maximum temperature 
of about 350° C. in air. Does this statement apply to 
the smaller lamps such as the 80-watt bayonet-cap type 
demonstrated, as, if so, heat dissipation will be a serious 
problem. 

Finally, it is regretted that the industrial application 
of the h.p.m.v. lamp is not dealt with in the paper, but 
perhaps the authors would be good enough to express 
their opinions on the use of this type of lamp in indus¬ 
trial situations such as factories with a considerable 
amount of turning machinery, and railway yards and 
sidings where coloured signalling is employed. In the 
former case stroboscopic effects may be experienced, and 
in railway work wrong colour aspects may be caused. 
Would men operating steel furnaces, forges, etc., meet 
with difficulty in judging the condition and temperature 
of metals owing to the radiant mixture of light and heat 
energy from the lamp source and the heated metal ? 

Mr. W. C. Bowler: I should like to ask the authors 
whether it is their considered opinion that eventually 
a type of lamp will be evolved to suit rural street¬ 
lighting conditions. It would also be interesting to 
know whether in view of the very high casualty list of 
the ordinary gasfilled lamps, in the long run it would 
be better to install lamps of the h.p.m.v. type. Bearing, 
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in mind the difficulty, particularly with steel-pole over¬ 
head lines, of dealing with the road-vibration troubles 
due to heavy traffic, would the running cost of h.p.m.v. 
lamps be lower, over a period of, say, 2 years, than that 
of existing gasfilled lamps ? 

Prof. D. Robertson: When the authors were 
demonstrating the 80-watt h.p.m.v, lamp, to those of 
us in this corner of the room it appeared as if seen 
through a curtain of vertical lines. Can the authors 
explain this phenomenon ? , ' 

Mr. G. H. Wilson, Commander E. L. Daijiant, 
and Mr. J. M. Wald ram (in reply ): As several speakers 
have referred to the same subjects, it will be convenient 
to reply to the discussion by subjects, following the 
scheme of the paper, rather than to individual speakers. 

Messrs. Hartland, Weaver, and Driscoll refer to j^he 
controversial question-of the colour of the light; Mr. 
Weaver’s remarks confirm our experience, that difficulties 
with the colour are for the most part due to unfamiliarity 
and prejudice, and disappear with use. It is probable 
that the differences in apparent " clarity” of the light 
from mercury and sodium lamps, mentioned by Mr. 
Hartland, are often due to causes other than the spectral 
distribution itself, such, for example, as differences in 
intensity distribution of light from fittings. There often 
seems to be some difference in appearance, but it has not 
so far been analysed, and it is probably partly psycho¬ 
logical. The light from mercury lamps has been found 
suitable for fine work and the detection of cracks, as Mr. 
Weaver says: we are surprised that men found difficulty 
in reading micrometers by this type of light. Possibly 
the cause lay in the distribution of light or the location 
of the sources. In reply to Mr. Beckett, there is a slight 
difference of colour between the 125-watt lamp and the 
400-watt. The percentage of red light (defined as that 
transmitted by a No. 25 Wratten red filter) is about 2 per 
cent for the 80-watt and 125-watt lamps as compared 
with 1 per cent for the larger lamps, but the effect on the 
colour of the light emitted by the lamps is not easy to see. 
The smaller lamps also emit rather more blue light. To 
avoid glare, in the demonstration the 400-watt lamp was 
not fully run up, and therefore appeared bluer than it 
would do under normal working conditions. Mercury 
lamps appear greenish at a distance in a slight haze and 
have consequently to be shaded near railways to avoid 
confusion with a “ clear ” signal, as Mr. Driscoll suggests. 
His question concerning the use of mercury lamps in 
steelworks has been answered by Mr. Weaver.. The 
title of our paper, as well as limitation of space, did not 
allow us to deal with industrial applications of the lamps. 
The stroboscopic effect mentioned by Mr. Parker and 
Mr. Driscoll is of no importance in street lighting, where 
objects move at low angular speeds in the field of view. 
In industrial lighting the trouble is less than might be 
supposed, and Mr. Parker’s remedy is usually satisfactory. 
The appearance of vertical lines noticed by Prof. Robert¬ 
son is due to the shadows on the retina of small particles, 
cast by the long light source. If the lamp is turned on its 
side the lines appear to run horizontally. 

In reply to Mr. Driscoll, the mercury lamp has been 
developed in this country in preference to the sodium 
lamp because it offers more possibilities of. development. 
Although the sodium lamp is more efficient than the 


present mercury lamps, it is more costly, of lower bright¬ 
ness, and can only be made in small sizes: there is no 
practical prospect of easily improving its colour. The 
mercury lamp show!; possibilities of development in both 
large and small sizes, it can be made to emit light at high 
brightness, and there is every possibility of being able 
greatly to improve its colour by the use of fluorescent 
materials—though the extent to which this is advanta¬ 
geous for street lighting is not yet certain. It also remains 
to be seen whether such correction may render small 
h.p.m.v. lamps suitable eventually for domestic lighting. 

In reply to Mr. Bowler, we hope that the smaller sizes 
will be used for rural street lighting. The running pres¬ 
sure in the hard-glg.ss lamps, for which Mr. Driscoll asks, 
is about 1 atmosphere, and in the quartz lamps about 
10 atmospheres? The temperature of the outer glass 
bulb is, however, much lowftr with the 80- and 125-watt 
lamps, loeing of the same order as that of tungsten- 
filament lamps of comparable wattage. In reply to Mr. 
Bowler, the lamps have not been fouhd to be sensitive to 
vibration and are stronger than the corresponding 
tungsten lamps. Costs should not be much affected by 
vibration except In extreme cases. 

In reply to Mr. Robinson, at the present stage of 
development there is no prospect of making a discharge 
lamp which will not require some sort of series impedance. 
Although such auxiliaries involve an initial expenditure, 
their cost over 10 years amounts to less than 4 per cent 
of the energy and lamp-replacement cost with energy at 
Id. a unit. Even if some device could be incorporated 
in the lamp it would be a replaceable item, and its cost 
would have to be very low to be cheaper in the long run 
than the independent choke and condenser. The design 
of chokes more suitable for industrial use is under con¬ 
sideration and they will be available in due course. It is 
desirable, as stated in the paper, to have switchgear of 
rather greater capacity than Fig. 11 would indicate, in 
order to deal with the momentary initial switching surge 
that may take place, which is not shown on Fig. 11. 
Careful design of the electrodes can keep this surge 
within reasonable limits. 

Mr. Smith and Mr. Midgley both refer to the important 
subject of visibility in wet weather. As we stated in 
the paper, it is probably true that no system of lighting 
with punctiform sources can be as good when the road 
is wet as when it is dry, with many of the road surfaces 
at present in use. A system which is properly designed 
for dry conditions on the lines outlined in the paper will, 
however, be reasonably good .when the road is wet. 
Some surfaces exist which when new give roughly the 
same results whether wet or dry, but the condition is not 
permanent. Some very rough roads, which do not flood 
in wet weather and therefore give good results when wet, 
are often so rough as to be almost impossible to light well 
when dry. Attention is now being directed to the 
problem by road engineers, and it is to be hoped that a 
surface will be found which makes a good compromise 
between the many requirements of reflection properties, 
wet and dry; non-skid properties; wear; maintenance; 
and cost. The system of lighting of which Mr. Midgley 
speaks, using low-power sources at short spacing, has one 
advantage, namely that in wet weather on a flooded road 
it provides a larger number of bright areas closer together. 
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thus reducing the widths of dark areas between them. 
In dry weather, however, we doubt whether the installa¬ 
tion which he describes would be as satisfactory as one 
with higher-power sources at longer spacing, and we 
should expect the cost of installation and maintenance 
to be greater than that of the type of installation 
described in the paper. Mr. Midgley does not mention 
mounting height: small lamps are usually mounted lower 
than 25 ft., and if this were done we should expect a 
definitely less satisfactory installation, and the centre 
relatively darker than in our “ optimum ” installation. 
If the mounting height were kept at 25 ft. this would not 
occur, but the whole level of brightness might be low. 
We welcome Mr. Midgley’s confirmation of the unde¬ 
sirability of exceeding 150-ft. spacing. The question of 
shadows from large vehicles is one of the matters which 
influenced this recommendation; we have fou^d little 
trouble at 150-ft. spacing but more trouble with much 
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greater spacings. The trouble from this cause is 
accentuated in a meagre installation, for as the power 
of an installation is decreased the visibility is affected 
most in the shadows and dark regions. We are interested 
also in his reference to the lighting of the Mersey Tunnel, 
in which we have taken some measurements which con¬ 
firm his conclusions. In reply to Mr. Beckett, we do 
not consider that central lighting is ever so satisfactory 
as side lighting on a given street. On carriageways not 
m®re than about 28 ft. in width, with light buildings or 
hoardings at the side and with adequate power, centrally- 
mounted units can give satisfactory results. 

Finally, we welcome Mr. Smith’s remarks, and look 
forward to the co-operation, which is already beginning, 
between lighting and road engineers and transport 
authorities; and to the time when the lighting of roads 
will be logically and efficiently controlled and scientifically 
designed. 


DISCUSSION ON 

“EQUIPMENT AND PERFORMANCE OF STEEL-TANK RECTIFIER 
TRACTION SUBSTATIONS OPERATING ON THE UNDERGROUND 
RAILWAYS OF THE LONDON PASSENGER TRANSPORT BOARD”* 

NORTHERN IRELAND SUB-CENTRE, AT BELFAST, I9TH JANUARY, 1937 


Mr. E. N. Cunliffe: The author shows that although 
backfires in steel-tank rectifiers are comparatively infre¬ 
quent their effect on the 11 000-volt distribution system 
is very severe, much more so, in fact, than the effect of a 
dead short-circuit on the busbars. In consequence of this 
the rupturing capacity of the e.h.t. circuit breakers has 
had to be increased above the normal value. One would 
expect that such occurrences would have a disturbing 
effect on rotary plant in the vicinity, and that temporary 
loss of such plant might result. It would be interesting 
to learn the author’s experiences of such conditions. 
The possibility of backfire in rectifiers is stated by him 
to be of little importance, but it appears to me that 
before this can be admitted the frequency of such happen¬ 
ings must be reduced to a figure comparable with that for 
e.h.t. faults on rotary-convertor equipment. 

The author states that the London Passenger Transport 
Board’s rectifiers have an overload capacity of 50 per cent 
for 1 hour and 200 per cent momentarily. A speaker at 
the discussion on this paper before another Centre spoke 
of a rectifier which had been successfully tested at over¬ 
loads of 100 per cent for 2 hours, 150 per cent for \ hour, 
and 250 per cent for 5 minutes. Further, I understand 
that a rectifier on the Manchester South Junction and 
Altrincham Railway was subjected to a very severe over¬ 
load test under service conditions over a period of several 
months, during which the loads applied exceeded five 
times full load on many occasions; the test resulted in 
only a few disconnections of the rectifier, and no damage. 
It would therefore be interesting if the author could 
state what is the true factor of safety upon which his 

* Paper by Mr. A. L. Lunn (see vol. 78, p. 123). 


overload ratings are based, in view of his experience of the 
behaviour of the rectifiers under service conditions. In 
the light of this experience would he expect future 
rectifiers of similar dimensions to be more liberally rated ? 

Mr. F. Johnston: I gather that any future extensions 
to the Board’s traction substations will be equipped with 
rectifiers, and that the author does not propose to add 
any more rotary convertors. I should like to know 
whether he would contemplate a system consisting 
entirely of rectifiers, seeing that this would mean that 
the power factor of the system could not be more than 
94 per cent. 

On page 125 he shows that the kWh supplied from the 
rectifier plant are only about 10 per cent of the total, 
and states that the capacity of rectifier plant supplied 
from Lots Road is 30 000 kW, the capacity of rotary 
plant being 125 200 kW. It appears from these figures 
that the percentage standby in the case of rectifier plant, 
which is over 19 per cent of the installed plant, is much 
larger than in the case of rotary plant, and I should 
appreciate his remarks on this point. 

I note that he uses two types of seal—mercury and 
porcelain. 1 take it that when a porcelain seal is broken 
there is considerable trouble in replacing it. Does the 

author favour porcelain seals in preference to mercury 
seals ? 

I should like to know what his experience has been 
with d.c. ignition as compared with a.c. ignition, as I 
note that both types are used on his system. 

. J * E * Jones: There is one glass-bulb rectifier 
installation m Belfast, and several years ago I was very 
interested in its apparent instability at light load when 
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running in parallel with a rotary convertor at a distant 
substation. Its capacity was about 70 kW, but it would 
not settle down on load until it was taking at least 8 or 
9 kW. It would interchange load with the distant 
rotary, with consequent flickering of the lights, until the 
transformer taps were increased and the critical load was 
exceeded. Has the author any experience of such 
apparent instability at light load with steel-tank rectifiers 
running in parallel with rotary convertors ? 

Mr. Joseph McCandless: The author stresses the 
importance of reliability in connection with the design 
of substations, and yet uses cubicle-type switchgear 
instead of modern armourclad switchgear. I should like 
to know why he does this. 

I notice also that he places the oil switch on the top 
floor of the substation, the h.t. busbars being immediately 
underneath, with cable connections from one to the other. 

It would appear that if the switch above should fail and 
an oil fire take place, burning oil running down the 
cable on to the h.t. busbars would cause a busbar fault. 
Has the switchgear used any particular merits which 
would prevent this happening in the case of a switch 
failure and, if so, what are these merits ? 

The author states that if a rectifier backfires the 
switchgear is submitted to severe strain. Does he mean 
that if switchgear is designed for a certain ruptuiing 
capacity and installed on a system where this capacity 
would not be exceeded, in the event of a rectifier backfire 
the switch might be damaged ? If so, in what way should 
the rupturing capacity be determined so as to ensure safe 
operation of switchgear under these conditions ? 

Mr. R. P. Watson : The London Passenger Transport 
Board seem to have been remarkably successful in obtain¬ 
ing sites for substations of such ample proportions as 
those shown both in the paper and upon the screen. I 
am particularly struck with the layout of the plant m 
these stations and with the provisions which have been 
made for cables. 

On page 126 it is stated that, by sinking the rectifier 
partly through the floor, connection to the cathode is 
facilitated and general accessibility of the plant as a 
whole improved. On page 134, however, the author goes 
on to say that very considerable economies may be 
effected by locating the plant on an upper floor of the 
substation building. I should have thought the contrary 
to be the case, but apart from the question of economy 
is the practice of installing a complete substation on an 

upper floor desirable ? ^ , 

What precautions are taken m these unattended sub¬ 
stations against the risk of fire, especially fire due to 
burning oil such as might occur m the event of high- 
voltage switchgear explosions ? I cannot see that the 
use of copper strip for connections, instead of cables as 
mentioned on page 129, minimizes to any great extent 
fire risk, as there would appear to be already a conside 

able amount of cable installed. , n j 

The present-day paper-insulated and lead-coyere 
cable is one of the most reliable components m any 
electrical installation. I imagine that m substations o 
this type, to which cleaners and such like peop 
access 7 the risk of fire due to the use of cable is outweighe 
by the risk of shock. Have the Board experienced any 

accidents ? 

Vol. 80 . 


In Table 4 the figure for the percentage of failures due 
to control gear appears to be very high. Seeing that 
reliability is of primary importance does the author not 
consider manual ope*ation, though possibly less economic, 
more advisable for maintaining continuity of supply, in 
any case until such time as control gear proves to be more 
satisfactory than it would appear to be to-day from the 
figures given in Tables 4 and 5 ? He states on page 127 
that the equipment may be controlled locally. Has this 
method of control been resorted to for a considerable 
period in any station, and, if so, by what amount has the 
percentage of total failures been reduced ? 

With reference to the cooling systems of rectifiers, I 
understand that a ^satisfactory method of air cooling is 
now obtainable; this would appear to have obvious 
advantages over* the water-cooling method. Has the 
author any information regarding the efficiency and 
reliability of air-cooled steel-tank rectifiers? Their 
adoption might reduce appreciably those percentages in 
Tables 4 and 6 attributed to the watbr system. 

He states on page 135,that the distortion of voltage 
and current waves is of little practical importance, since 
tlje rectifier load Is only about 10 per cent of the peak 
load on Lots Road station; but since the paper was 
written this figure has risen to 17 per cent. At what 
figure does the author consider that distortion of wave¬ 
form would constitute a serious factor ? 

Mr. W. A. Frazer : It is very interesting to note the 
author’s apparent preference for cubicle-type h.t. switch- 
gear; this preference would at first sight appear to be 
justified by the recent failures of armourclad switchgear 
in this country. It appears to me, however, that the 
relative freedom from failures of cubicle-type switchgear 
has been due, not to superior design, but to the fact that 
armourclad switchgear has been installed in most places 
where the switchgear would be called upon to operate 
under very onerous conditions. In America., where 
cubicle-type switchgear has been installed m large 
power stations, a considerable number of failures has 
occurred, and in some instances these failures have cause 
the destruction of a complete switchboard instead of 
. being limited to one or two switches as has happened m 
this country where armourclad switchgear has been 

involved ^ Lunn yeply) . In reply to Mr. Cunliffe 

I am unable to agree that, in general, the backfiring of 
a rectifier can be classed in the same category as a fault 
on the a.c. side of a rotary convertor. Troubles of the 
latter description are, almost without exception due 
some weakness in the affected unit, and are liable to 
involve the carrying out of repairs which may be > i 
considerable magnitude and correspondingly ffigh|CO L 
On the other hand, backfiring is brought about m the 
majority of instances as a result of abnorma c 
ration; under such circumstances the rectrfier can 
safely be reconnected to the supply nnm^iatdy t 
pumps have restored the vacuum to normal usually a 
matter of seconds only. Hence, in my opmmn, a bach 
fire becomes comparable with a f tar y-c°nvertor-ax. 
fault only in such rare instances as those w iere 
lying cause of the rectifier failure is actual y that o a 
fault in the internal parts of the unit itself or uheie 
some part of the equipment sustains damage * 
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result of a backfire occurring under abnormal conditions 
of operation. The frequency of occurrence of rectifier 
failures of this nature is, within my experience, probably 
less, and certainly no greater, at tile present time than 
that of faults on the a.c, side of rotary convertors. 

As regards the effect of a heavy backfire on synchronous 
plant connected to the system, this has been found to 
be negligible the resultant momentary voltage fluc¬ 
tuation that is usually set up being of insufficient mag¬ 
nitude to interfere with the proper running of the rotary 
convertors. 

I he overload trials to which Mr. Cunliffe refers were, 
of course, exceptionally severe, and constituted a very 
searching test of the reliability of .the rectifier under 
abnormal conditions of operation. In my opinion, how¬ 
ever, it is not advisable to rely upoif the capacity of 
rectifier plant to deal with dverloads of such magnitudes 
as those mentioned, although it is probable* that, in 
the case of systems on which unbroken continuity of 
supply is less urgent than on the Underground Railways 
more liberal ratings than those indicated in the paper 
would be permissible. 

Mr. Johnson is correct in his deduction, from the 
published figures, that the proportion of standby plant is 
considerably greater in the rectifier than in the rotary- 
convertor substations. It is pointed out, however, that 
m the majority of cases the former installations are 
located in outlying districts, where rapid development is 
now m progress; a considerable increase is expected in the 
\ olume of traffic to be dealt with on all sections of line 
serving these districts, and when this materializes much 

o the present standby rectifier plant will be brought into 
continuous service. s 

™J he + Same S 1 ? e ^ ker aIso inc l uires a s to whether rotary 
TTn y ert0rS wd ultimately be entirely displaced from the 

•' de ? 1 ui md substatlons b y rectifier plant. It is highly 
improbable that such a change-over would be contem¬ 
pt dj r 7 ° n aCCOUnt of the accompanying unavoid- 
sin f etC m 0ratl ° n m the sy ' stem Power-factor, but also 
distn r0Uble n ^ll ht be experienced as a result of excessive 
the mn p n r the sys tem voltage-wave, which, as stated in 
feLmC. ^ llk6ly t0 6ntail deratin S of the 

to bv M? U wT ° f l° ltage ~ Wave dist ortion is referred 

rectifiedL^tnT; 7, °f quireS as to the Proportion of 

be regmded » h 7 the gators which would 

oe regarded as being a safe maximum. I regret that 

m the absence of complete test data I am as yft unable 

to give a definite reply to this question, but if is certain 

load on lhe COn + Slderable incre ase in the present rectifier 
„ lad oa the system is still permissible. 

Dealing with Mr. Johnson's further inquiries regarding 

2:eT“ t l 0 ir od + e seais '* is ~tSffl 

ence is made to the vitreous enamel type of seal em- 
P °yed on the Western Extension rectifiers. Un to +he> 
present time it has not been necessary to efiect any such 

“ Sl, ” ,d 2 -* e o~efSalome 

complete with seal “and mtam it^rthe^m^fj 8 * 6 ”' 
for rectification of the tronble. The work of"replacS 

■s a relatively simple matter, as may be“ &££ 


to Fig. 12 of the paper, and to Section 3 of my reply to 
the London and other discussions (see vol. 78, page 674), 
where a description is given of the construction of tlie 
joint. 

In the same Section of that reply also my opinions 
regarding the relative advantages and disadvantages of 
d.c. and a.c. ignition systems respectively have been 
fully detailed, the additional experience I have gained 
since the publication of the paper having in no way 
modified my views. 

,. M t- J ones comments upon a case of instability expe¬ 
rienced in operating a glass-bulb rectifier in parallel with 
a rotary convertor located in a distant substation. Up 
to the present time no similar case has occurred on the 
Underground system, but it would have been interesting 
h&d details been given of the steps taken to overcome 
the difficulty referred to. 

I agree with Messrs. McCandless and Frazer that there 
is much to be said in favour of metalclad switchgear. 
On the other hand, as I have already pointed out during 
previous discussions, the accessibility of cubicle-type 
e.h.t. gear is considered to be sufficient to justify its use 
in Underground substations. 

Mr. McCandless appears to be labouring under a mis¬ 
apprehension regarding the arrangement of the e h t 
switchgear illustrated in Fig. 6. The construction of 
he cubicles is such that it is impossible for oil to pass 
from the upper to the lower sections, the connections 
from the oil-switch cubicles to the busbars being effected 
y means of strip copper passing through bush-type floor 
insulators from one chamber to the other. These insu- 
ators are carefully sealed off with special compound to 
prevent the passage of oil. 

Regarding the determination of the minimum rup- 
turmg-capacity oil switch that can safely be used on a 
rectifier circuit in view of the lack of precise information 
on he subject J am unable to give any indication as 
to the theoretical basis on which such a calculation can 
be made. As stated m the paper, subsequent to the 

nrovi^T, 16110 ^/ 1 Hend ° n Sub5tation * was decided 
to provide all rectifier circuits with oil switches of 40 °/ 

gi eater rupturing capacity than those which would be 

poffits This r0ta 7 COnv f tors situa ted at the same 
defini+P t i 5 raCtlCe W11 be cont mued until more 
is available ^ “ t0 ^ a ° tual conditi °ns to be met 

circuit hrZT feUlt C °f ditlons under which rectifier oil 
rcuit-breakers are called upon to operate are apparently 

formT^ ° f t ? 6 heaVy d,C ' ma g ne tization of the trans^ 

at the moment of backfir - 

tion of . ^ n d0es not agree with the loca- 

eitter from fh . 7 “ Upper floor of a balding, 
of good D mcbce P01 ? V1 T ° f eC ° n0m y ° r from that 
situation ^ m regard t0 the econ °mic S of the 

reason ° f tbe ** 

revenue been™ ? jf e Lond on area, considerable 
■substation buMingTavlLwe^forT T* ^ ° f ^ 

-« ss2 -i r S»£a5g5Si5 

shojoora gr0Und fl00r havin « been ** °f‘ S 
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As regards the second objection, Mr. Watson does not 
attempt to make out any case against the installation 
of a complete substation on an upper floor. In my 
opinion, although this arrangement is a departure from 
normal it cannot be regarded as bad practice purely on 
that account, and I am satisfied that it is possible to 
find more arguments for than against the scheme. 

In reference to the suggestion made by the same 
speaker as to the advisability of substituting manual 
for remote-control operation of the substations in order 
to eliminate failures due to the faults in the control 
gear, I would point out that although, as shown in 
Tables 4 and 5, approximately 50 % of the breakdowns 
experienced during the 12-monthly period considered were 
due to remote-control gear troubles, the total number 
of breakdowns amounted to 48 only, distributed amongst 
32 rectifiers. Failures due to control gear, therefore, 
were responsible for 24 shut-downs, which works out at 
an average of 0-75 per rectifier per annum. This figure 
cannot be regarded as being sufficiently serious to warrant 
the additional expense of keeping attendants at each 
substation. 

The main point which it was desired to emphasize in 
the paper was that, of the total number of failures from 
any cause during the period covered by the analysis, 
the proportion due to control-gear faults was excessively 
high, and could probably be reduced by increased care 
in design. 

I regret that I have no records, other than those already 
published, indicating the degree of increased reliability 
that can lie obtained by the adoption of manual 


operation in preference to remote operation of the sub¬ 
stations. 

In regard to the # use made of copper strip for the 
connections between the d.c. busbars and switchgear, 
it is believed, as stated in the paper, that some reduction 
of fire risk is obtained thereby. There are, however, 
further advantages to be gained, particularly in the way 
of obtaining a nejft layout. Dealing with the suggestion 
that the advantage of reduced fire risk is outweighed by 
the risk of shock to cleaners and similar untrained people, 
it is pointed out that such persons are permitted to enter 
unattended substations only when accompanied by one 
who is an authorized person within the meaning of the 
Home Office Regulations. The responsibility for taking 
all necessary precautions against accident rests upon this 
authorized person, who majj be a tester or a substation 
official, and I am able to state that this system has been 
found to work satisfactorily, there having been no 
accident of the nature referred to bj* Mr. Watson. 

In connection with the reference made to the new 
air-cooled steel-bottle rectifier now obtainable, I am able 
to state that the*750-kW equipment of this type which 
has been in operation on the Board's trolleybus system 
for approximately 14 months has given the utmost 
satisfaction. I am informed that its efficiency charac¬ 
teristic is very similar to that indicated in Table 2 of 
the paper, and those responsible for the running of the 
plant also speak very highly of its reliability. As a result 
of the success of this trial, other similar units have been 
purchased by the Board and will be brought into service 
in trolleybus substations in the near future. 
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903rd ORDINARY MEETING, 5th NOVEMBER, 1936 


Mr. H. T. Young, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
22nd October, 1936, were taken as read and were con¬ 
firmed and signed. 

Messrs. C. L. Lipman and S. A. Stigarft were appointed 
scrutineers of the ballot for#the election and transfer of 
members and, at the end of the meeting, it was Reported 
that the members whose names appeared on the lists 
(see vol. 79, page* 688) had been‘duly elected and 
transferred. „ 

The President announced that, during the month 


of October, 47 donations and subscriptions to the 
Benevolent Fund had been received, amounting to £81. 
A vote of thanks was accorded to the donors. 

A paper by Messrs. T. E. Allibone, D.Sc., Ph.D., 
Associate Member, D. B. McKenzie, B.Sc., Graduate, 
and F. R. Perry, M.Sc.Tech., Associate Member, entitled 
" *The Effects of Impulse Voltages on Transformer Wind¬ 
ings " (see page 117), was read and discussed. The paper 
was illustrated by a cinematograph film and accompanied 
by a demonstration of apparatus. 

A vote of thanks to the authors, moved by the 
President, was carried with acclamation. 


904th ORDINARY MEETING, 19th NOVEMBER. 1936 


Mr. H. T. Young, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
5th November, 1936, were taken as read and were 
confirmed and signed. 

A paper by Mr. L. H. Harris, M.Sc., Member, and 
Messrs. E. H. Jolley and F. O. Morrell, B.Sc., Associate 


Members, entitled " Recent Developments in Telegraph 
Transmission and their Application to the British Tele¬ 
graph Services ” (see page 237), was read and discussed. 
The paper was accompanied by a demonstration of 
apparatus. 

A vote of thanks to the authors, moved by the 
President, was carried with acclamation. 


905th ORDINARY MEETING, 3rd DECEMBER, 1936 


Mr. H. T. Young, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
19th November, 1936, were taken as read and were 
confirmed and signed. 

The President announced that, during the month of 
November, 38 donations and subscriptions to the Benevo¬ 


lent Fund had been received, amounting to £16. A vote 
of thanks was accorded to the donors. 

A paper by Dr. P. Dunsheath, O.B.E., M.A., Member, 
entitled " Continuous Extrusion of Lead Cable-Sheaths ” 
(see page 353), was read and discussed. 

A vote of thanks to the author, moved by the 
President, was carried with acclamation. 


906th ORDINARY MEETING, 17th DECEMBER, 1936 


Mr. H. T. Young, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting held on the 
3rd December, 1936, were taken as read and were con¬ 
firmed and signed. 

The President reported the receipt by him of a 
Memorandum from the Keeper of H.M. Privy Purse, 
stating that His Majesty The King was pleased to 
intimate to those Societies and Institutions which were 
recently granted Patronage by King Edward VIII that 
they may continue to show the Sovereign as their 


Patron during the present Reign, unless otherwise 
notified. 

The following papers were read and discussed: " The 
Micro-Gap Switch ” (see page 457), by Prof. W. M. 
Thornton, O.B.E., D.Sc., D.Eng. (Past-President); and 
" Restriking Voltage, and its Import in Circuit-Breaker 
Operation ” (see page 460), by Messrs. H. Trencham 
Member, and K. J. R. Wilkinson, B.Sc., Associate 
Member. 

A vote of thanks to the authors, moved by the 
President, was carried with acclamation. 
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INDEX TO JOURNAL 

Any member who proposes to bind the current volume 
of the Journal and would like to have an extra copy"of 
the Index for filing apart from the bound volume flf the 
Journal can obtain an additional copy on application to 
the Secretary. 

MEMBERS FROM OVERSEAS 

The Secretary will be obliged if members coming hoftie 
from overseas will inform him of their addresses in this 
country, even if they do not desire a change of address 
recorded in The Institution register. 

The object of this request is to enable the Secretary to 
advise such members of the various meetings, etc., of 
The Institution and its Local Centres, and, when occasion 
arises, to put them into touch with other members. 


The Ayrton Prenfium [value £10). 

Douglas Robertson, “ The Examination and Re- 
M.A., B.M., M.R.C.P. cording of the Human Elec¬ 
trocardiogram by means of 
the Cathode-Ray Oscillo¬ 
graph." 

The Fa hie Premy.rm (value £10). 

Col. A. S. Angwin, “ Modern Systems of Multi- 

D.S.O., MX'., and Channel Telephony on 

R. A. Mack Cables." 

• • 

The Kelvin Premium (value £10). 

T. E. Allibone, D.Sc., The Effects of Impulse Vol- 
Ph.D., D. Me- tages on Transformer Wind- 

• Kenzie, B.Sc., and ings." 

F. R. Perry, M.Sc. 

Tech. 


COMMUNICATIONS FROM OVERSEAS MEMBERS 

Overseas members are especially invited to submit, for 
publication in the Journal, written communications on 
papers read before The Institution or published in the 
Journal without being read. The contributor’s country of 
residence will be indicated in the Journal. In this connec¬ 
tion a number of advance copies of all papers read before 
The Institution are sent to each Local Hon. Secretary 
abroad to enable him to supply copies to members likely 
to be in a position to submit communications. 

INTERNATIONAL ENGINEERING CONGRESS, 
GLASGOW, 1938 

The attention of members is drawn to the International 
Engineering Congress which will be held in Glasgow in 
June, 1938 (provisional date, 21st to 24th June), on the 
occasion of the Empire Exhibition which will be in 
progress in Glasgow at that time. 

A General Committee of the Congress, representative of 
the various engineering Institutions, has been formed 
under the presidency of Lord Weir, and the details of 
the programme are now being prepared by executive 
committees sitting in Glasgow and London. The Con¬ 
gress will include technical sessions, visits to the Empire 
Exhibition and to works, and social functions. Full 
information will be circulated to members at a later date. 

The Committee of the I.E.E. Scottish Centre propose 
to hold their local Summer Meeting for 1938 at the 
Exhibition, concurrently with the proceedings of the 
Congress. 

PREMIUMS 

The Council have made the following awards of 
Premiums for papers during the session 1936-37: 


The Paris Exhibition (1881) Premium (value £10). 


J. A. Sumner 

A Premium (value £10). 
P. Dunsheath, O.B.E., 
M.A., D.Sc. 

A Premium {value £10). 
I.. H. Harris, M:Sc., 

E. FI. Jolley, and 

F. O. Morrell, B.Sc. 

A Premium (value £10). 
H. Trencham and 
K. J. R. Wilkinson, 
B.Sc. 

A Premium (value £5). 
W. R. Df.benham, 
B.Sc. 


A Premium (value £5). 
W. Jackson, D.Sc., 
D.Phil. 


“ Modern Factors affecting 
Electricity Costs and 

Charges." 

“ Continuous Extrusion of 
Lead Cable-Sheaths.” 

“ Recent Developments in 
Telegraph Transmission, 

and their Application to the 
British Telegraph Services." 

" Restriking Voltage, and its 
Import in Circuit-Breaker 
Operation." 

" The Performance of Coil 
Ignition Systems, with parti¬ 
cular reference to Double 
Contact-Breakers and the 
Effects of Variation of the 
Period of Open Circuit.” 

“ A Record of Recent Progress 
towards the Correlation of 
the Chemical Composition, 
the Physical Constitution, 
and the Electrical Properties, 
of Solid Dielectric Materials.” 


The Institution Premium (value £25). 
E. A. Speight, Ph.D., “ The Post 
andO. W. Gill Clock." 


A Premium (value £5). 
Office Speaking H. A. Thomas, M.Sc. 

[ # 677 ] 


"The Electrical Stability of 
Condensers." 
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An Overseas Premium (j value £15). 


A. L. Green, M.Sc., 
Ph.D., and G. 
Builder, Ph.D. 

A. L. Green, M.Sc., 
Ph.D., and O. O. 
Pulley, B.E., 
Ph.D. 


" Control of Wireless Signal 
Variation.” 

" Control of Phase-Fading in 
Long-Distance Radio Com¬ 
munication.” 


Wireless Section Premiums 


The Duddell Premium {value £20). 

M. Benjamin, B.Sc., “ Modern Receiving Valves: 
Ph.D., C. W. Cos- Design and Manufacture.” 
grove, B.Sc., and 
G. W. Warren, B.Sc. * 


A Premium (value £10). 
Commander F. G. Lor- 
ing, O.B.E., R„N., 
W. L. McPherson, 

B.Sc.(E ng.), and W. 
H. McAllister 


" A Survey of Marine Radio 
Progress, with special refer¬ 
ence to R.M.S. * Oueen 
Mary.’ ” 


A Premium {value £10). 

T. L. Eckersley, B.A., " Ultra-Short-Wave Refraction 
B.Sc. and Diffraction.” 


COUNCIL’S NOMINATIONS FOR ELECTION TO 
THE COUNCIL 

The following have been nominated by the Council for 
the vacancies which will occur in the offices of President, 
Vice-President, Honorary Treasurer, and Ordinary 
Members of Council, on the 30th September, ] 937:— 

president. {One Vacancy.) 

* Sir George Lee, O.B.E., M.C. 

• • 

Ithce'UM'egibentS. {Two Vacancies.) 

Sir Noel Ashbridge, B.Sc.(Eng.). 

J. R. Beard, M.Sc. 

Ibonorarg {Treasurer. {One- Vacancy.) 

W. McClelland, C.B., O.B.E. 

©r&fnarg Members of Council. 

Members. {Four Vacancies.) 

Col. A. S. Angwin, H, J. Cash. 

D.S.O., M.C. P. L. Rividre. 

C. D. Taite. 


Meter and Instrument Section Premiums 


A Premium {value £10). 
W. F. Randall, B.Sc. 

A Premium {value £10). 

E. Hughes, Ph.D., 

D.Sc. 

A Premium {value £5). 
C. Dannatt, D.Sc. 


A Premium {value £5). 
Prof. J. T. MacGregor- 
Morris and V. A. 
Hughes, M.Sc. (Eng.) 


" Nickel-Iron Alloys of High 
Permeability, with special 
reference to Mumetal.” 

" Magnetic Characteristics of 
Nickel-Iron Alloys with Alter¬ 
nating Magnetizing Forces.” 


“ The Variation of the Mag¬ 
netic Properties of Ferro- 
Magnetic Laminae with Fre¬ 
quency.” 


" Experimental Verification of 
the Theory of the Cathode- 
Ray Oscillograph; and the In¬ 
fluence of Screen Potential.” 


1 RANSMISSION SECTION PREMIUMS 

2 he Sebastian de Ferranti Premium {value £20). 

?L G. Taylor, M.Sc. " The Use of Protective Mul- 
(Bng.) tiple Earthing and Earth- 

Leakage Circuit Breakers in 
Rural Areas.” (E.R.A. Re¬ 
port.) 

A Premium (value £10). 

J. Eccles, B.Sc. " The Efficient Rating and 

Disposition of Supply Appa¬ 
ratus on High-Voltage Urban 
Systems.” 

The awards for papers read before the Students’ 

Sections will be published later. 


Associate Members. {Two Vacancies.) 
T. E. Allibone, D.Sc., Ph.D. 

G. A. Whipple, M.A. 

Companion. {One Vacancy.) 

E. Leete. 


PROCEEDINGS OF THE METER AND 
INSTRUMENT SECTION 

63rd Meeting of the Meter and Instrument Section, 
6th November, 1936 

Mr. O. Howarth, the retiring Chairman of the Section, 
took the chair at 7 p.m. 

The minutes of the meeting held on the 1st May, 1936, 
were taken as read and were confirmed and signed. 

Mr. Howarth announced the Council’s award of 
Premiums (see vol. 78, page 726) for papers read before 
the Section during the session 1935-36. He then vacated 
the chair, which was taken by Mr. G. F. Shotter, the new 
Chairman of the Section. 

A vote of thanks to Mr. Howarth for his services as 
Chairman during the session 1935-36, proposed by Mr. 
H. Cobden Turner and seconded by Mr. F. E. J. Ocken- 
den, was carried with acclamation. 

Mr. Shotter then delivered his Inaugural Address (see 
page 10). 

A vote of thanks to Mr. Shotter for his Address, 
proposed by Mr. E. W. Hill and seconded by Prof. J. T. 
MacGregor-Morris, was carried with acclamation. 

64th Meeting of the Meter and Instrument Section, 
4th December, 1936 

Mr. G. F. Shotter, Chairman of the Section, took the 
chair at 7 p.m. 
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The minutes of the meeting held on the 6th November, 
1986, were taken as read and were confirmed and signed. 

A paper by Messrs. E. A. Speight, Ph.D., and O. W. 
Gill, entitled “ The Post Office Speaking Clock ” (see 
page 493), was read and discussed. Demonstrations were 
given in connection with the paper. 

A vote of thanks to the authors, moved by the Chair¬ 
man, was carried with acclamation. 


ELECTIONS AND TRANSFERS 
At the Annual General Meeting of The Institution held 
on the 6th May, 1937, the following elections and transfers 
were effected:— • 

Elections 

Members 

Badge, Benjamin*Nelson. Riidenberg, Reinhold, Dr. Ing. 


65th Meeting of the Meter and Instrument Section, 
8th January, 1937 • • 

Mr. G. P. Shotter, Chairman of the Section, took the 
chair at 7 p.m. ^ 

The minutes of the meeting held on the 4th December, 
1936, were taken as read and were confirmed and signed. 

A paper by Mr. W. F. Randall, B.Sc., entitled “ Nickel- 
Iron Alloys of Pligh Permeability, with special reference 
to Mumetal ” (see page 647), was read and discussed. At 
the conclusion of the discussion, demonstrations were 
given by Mr. G. A. V. Sowter. 

A vote of thanks to the author, moved by the Chair¬ 
man, was carried with acclamation. 


PROCEEDINGS OF THE TRANSMISSION SECTION 

I5ti-i Meeting of the Transmission Section, 

1 1th November, 1936 

Mr. W. Fennell, the retiring Chairman of the Section, 
took the chair at 6 p.m. 

The minutes of the meeting held on the 13th May, 1936, 
were taken as read and were confirmed and signed. 

Mr. Fennell announced the Council’s award of 
Premiums (see vol. 78, page 727) for papers read before 
the Section during the session 1935-36. He then vacated 
the chair, which was taken by the new Chairman, Dr. P. 
Dunsheath, O.B.E., M.A. 

A vote of thanks to Mr. Fennell for his services as 
Chairman during the session 1935-36, proposed by Mr. 
S. R. Siviour and seconded by Mr. H. W. Grimmitt, was 
carried with acclamation. 

Dr. Dunsheath then delivered his Inaugural Address 
(see page 21). 

A vote of thanks to the Chairman for his Address, 
proposed by Mr. Fennell and seconded by Major W. M. N. 
Morecombe, was carried with acclamation. 

Mr. R. Borlase Matthews then exhibited a selection of 
cinematograph films and photographs taken by members 
during the visits of the Section to Mid-Cheshire and to 
France. 


16th Meeting of the Transmission Section, 

9th December, 1936 

Dr. P. Dunsheath, O.B.E., M.A., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting held on the 11th November, 
1936, were taken as read and were confirmed and signed. 

A paper by Mr. W. Holttum, B.Eng., Member, entitled 
“ The Jointing and Terminating of High-Voltage Cables ” 
(see page 517), was read and discussed. 

A vote of thanks to the author, moved by the Chair¬ 
man, was carried with acclamation. 
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Y I 1 HE advantage of the high strength of S.C.A. is not 
f' always essential, and in cases where spans are limited 
the most economical conductor is one of PLAIN 
ALUMINIUM. The line illustrated has been in service 
in the Midlands since 1917, and amply demonstrates the 
reliability of plain aluminium conductors for short span construction. 


Head Office: ADELAIDE HOUSE, LONDON, E.C.4. 

Telephone: Mansion House 5561 (6 lines). * * Telegrams: Cryolite, London 
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Overcurrent 

Non-directional 


---The automatic plug setting 

'*—————————' —■' _ board is easily visible. In- 

1—1—|———J sulated tapping plug pro- 

each element reset by hand from outside the*case^* 8 md,Cator on 

Type O.N. Relays are available in single, double and triple pole 
cases for horizontal or vertical mounting. 

For full detaifs write for list LR.I. 

FERRANTI LTD., HOLLINWOOD, L ANCS. London OHice: Bush House, Aldwych, W.C.2. 
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Overcurrent 

Directional 


Specify Ferranti relays for the 
protection of your system. 


Low consumption of only 2.0 V.A. on the 
100% setting imposes a very small burden on 
the current transformers. 

High torque ensures good setting values and 
freedom from sticking. Heavy gauge windings 
withstand the severest duties. Two powerful 
damping magnets on each element. Contacts 
are exceptionally robust. 

Type O.D. Relays remain truly directional 
down to 1% of normal voltage. 


These relays have an adjust¬ 
able inverse and definite minimum time limit 
characteristic. They are applicable both for 
overcurrent and earth leakage protection on 
A.C. circuits. 
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TO CONSERVATOR 


fiS a complement to styrene barrier 
joints we have, developed styrene 
“plugs” for single core and three core 
cabfes. These “plugs” produce barrier 
joint effects as far as migration of com¬ 
pound is concerned without introducing 


actual joints 
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W HEN man first discovered that the River Thames 
could be forded at that spot the tale of London 
commenced, and since then it has been nearly 2,000 
years in the telling. London River—as the sailors call it— 
has always figured prominently in the story, for the port 
made the capital, although the capital has since helped the 
port to flourish. That London is the financial centre of the 
world is largely due to the volume and importance of the 
port’s trade. Export and import values, for example, total 
some £450,000,000 per year—and this figure represents, 
not one or two specialized commodities, but the trade of the 
nation. Goods to and from every country are constantly 
entering or leaving the port, and consequently the Bill of 
Exchange on London is negotiable all over the world. 




Telephone Exchanges in the Greater London Area. 

Chief port—centre of finance—seat of Q 

Government—in this great City telephone 
service must be of the highest possible S= 

standard. Only automatic telephone equip- jfj 

ment can achieve the consistent speed and £ 

accuracy necessary, and the British Post Li 

Office some years ago standardised the P 

Strowger system for all future use. The 
process of automatisation, and the growth cn 

of London’s telephone communication facil- H 

ities generally, are depicted on the Charts. j< 

AUTOMATIC TELEPHONE 
AND ELECTRIC CO., LTD. 

MELBOURNE HOUSE, ALDWYCH, W.C.2 
Tel.: TEMPLE BAR 4506 
'Grams: “STROWGER, ESTRAND LONDON ” 

Export Office: Norfolk House, 

Norfolk Street, W.C.2 
Tel.: Temple Bar 9262 
’Grams: “Autelco Estrand” 

Strowger Works: Liverpool 7 
Tel: Old Swan 830 
’Grams: “Strowger, Liverpool ” 
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BABCOCK WAGON TIPPERS 


AND TIPPLERS 

<* 





ELECTRICAL HOISTING WAGON TIPPER, 
CAPACITY 9 WAGONS EACH 10 TONS NETT, 
PER HOUR, TIPPED TO 60°. 






PATENT ELECTRICALLY OPERATED AUTOMATIC_-J 

SIDE WAGON TIPPLER, CAPACITY 8 WAGONS H 
PER HOUR EACH 20 TONS NETT. pgP 

ii :• nHnnr^ 




PATENT ELECTRICALLY OPERATED AUTOMATIC 
ROTARY TIPPLER, CAPACITY 10-12 WAGONS 
PER HOUR EACH 20 TONS GROSS. 




B ABCOCK & WILCOX LTD, specialise in The illustrations show recent installations of 

conveying equipment for all classes of an end tipper, an automatic side tippler and 

bulk materials, and, whilst such materials an automatic rotary tippler. Other devices 

are many and varied, coal and minerals are are manufactured for covered wagons and 

the principal. The rapid discharge of railway to suit special conditions—such As combined 

wagons containing such materials with the hoists and tippers, 
least possible delay can be performed in a 

variety of ways, depending on the con- A recent publication, No.- 1218—Railway 

ditions at site and the class of wagon to Wagon Discharging Appliances, will be 

be discharged. sent on request. 

BABCOCK & "WILCOX LTD. 

BABCOCK HOUSE, 34 FARRINGDON STREET, LONDON, E.C.4 

"" " ... .. —- - -- T1-- 11 n nm ' tp i ■■■■ ■ — —gnma w m — 1 ——H* 
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Copyright 
Colonel Sir 
Thomas.F, Purves, 
Exclusive Licensees 
Members of the C.M.A. 


C.M.A. Regcl. Trade Mark Nos. 422219-20-21. 
N O N AZ O Reed. Trade Mark No. 4SSS65. 


The Anchor Cable Co. Ltd. 

British Insulated Cables Ltd. 
Callender's Cable & Construction Co. Ltd. 
The Craigpark Electric Cable Co. Ltd. 
Crompton Parkinson Ltd. (Derby Cables 
Ltd.) 

Edison Swan Cables Ltd. 

The Enfield Cable Works Ltd. 
Greengate & Irwell Rubber Co. Ltd. 


MEMBERS OF THE C.M.A. 

W. T. Glover & Co. Ltd. 

W. T. Henley's Telegraph Works Co. Ltd. 

The India Rubber, Gutta-Percha & Tele¬ 
graph Works Co. Ltd (The Silvertown 
Co.) 

Johnson & Phillips Lid. 

Liverpool # Electric Cable Co. Ltd. 

The London Electric Wire Co. and 
Smiths Ltd. 


The Macintosh Cable Co. Ltd. 
Pirelli-General Cable Works Ltd. (Gen¬ 
eral Electric Co. Ltd.) 

St. Helens Cable & Rubber Co. Ltd. 
Siemens Brothers & Co Ltd. (Siemens 
Electric Lamps & Supplies Ltd.) 
Standard Telephones & Cables Ltd. 
Union Cable Co. Ltd. 


Advert, of the Cable Makers’ Association, Sardinia House, Sardinia Street, Kingsway, London, W.C.s. 


Telephone Holborn jgy 


C.M.A. dependability has 
become a tradition. 

Rigorous exclusion of all but 
the proved and worthy in 
cable practice has been a 
principle of the C.M.A. from 
its inception. Constant re¬ 
search, new discoveries and 
improved manufacturing 
methods have kept C.M.A. 
cables always first in the 
field for reliable Service. 


NEW AND 


IMPROVED 


STANDARDS 


RECENTLY 


ESTABLISHED 
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STEWARTS AND LLOYDS LTD 

GLASGOW • BIRMINGHAM LONDON 
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TUBULAR 
STEEL POLES 


for power transmission 
and all other purposes* 
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COMPENSATION FOR VOLTAGE VARIATION 

The las! laminafion in the Smith Meter has a specially designed complete stamping carrying 
a by*pass for some of the voltage flux. This by-pass being constantly saturated, takes 
a definite amount from the effective voltage flux, and this amount is, therefore, a 
smaller proportion of the total flux as the voltage rises. Therefore, the proportional 
torque is maintained for different supply 
voltages. THIS FEATURE ENABLES US 
TO UTILISE A STRONG POTENTIAL 
FLUX FOR TORQUE PURPOSES- 

SMITH METERS LTD., ROWAN ROAD, STREATHAM VALE, S.W.16. POLLARDS 2271. /Wanulacfured under Smiih and Angold Pafenli. 
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SMITH : METERS LIMITED 

SINGLE PHASE METER 


★APPROVED BY THE ELECTRICITY COMMISSIONERS 


Manufactured under Smith and Ango/d Pat nfs. 


SM'TH METERS LTD., ROWAN ROAD, STREATHAM VALE, S.W.16, 


POLLARDS 2271 
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NEVERFAYLE 


EM ERGENCY 


EQUIPMENT 





INSTALLED IN THE 

SHAKESPEARE 

MEMORIAL THEATRE 

STRATFORD - ON -AVON 

0 Occupies 40% less space than other types. 

Incorporates NIFE Steel Plate Alkaline 

« 

Patter/—practically indestructible. 


No corrosive fumes. 


Complies with Latest Home Office 
Regulations. 

Over 50 sets ordered this /ear. 

Numerous schemes are available, write /or details. 




























■ 




FACTORY 
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Main 6,600 Volt “Metrovick” 
types K4C and K5C Horizontal 
drawout duplicate bus metal- 
clad Switchgear installed at 
Watford Generating Station 


Control Room showing 
panels and generator con¬ 
trol desks. 


METROVICK ELECTRIC 


F/K 701 
























BRITISH INSULATED CABLES LTD., PRESCOT, LANCS. 

Tel. No. Prescot 6571. London Office , Surrey House, Embankment, W.C. 2. Tel. No. Temple Bar 7722 


Here is the latest B.l. “ Detachable Pocket ” Type 
Box which is so useful in laying out the distribution system 
of a growing network. 


You don’t need to lay all the cables at once. If a 4-way box 
is installed and only two cables jointed up, other cables can. 
always be added without disturbing the original cables or 
box, or interrupting the supply. Cunning workmanship 
expresses it exactly. 
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TENNYSON 


and 


1 


He wrote: 

“l ADMIRE JOINTS 
OF CUNNING 


WORKMANSHIP” 


" The Vision of Sin.” — Tennyson. 


(British Pat. Nos. 326,332; 404,057; 355,129) 

We cannot say whether the great Poet Laureate would 
have admired the cunning workmanship of B.l. underground 
joint boxes, but his words are strangely apt and express 
the views of hundreds of engineers. 
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132/33 KV., 3-phase, 
50 cycle, ON/OB Power 
Transformers installed 
at the Transforming 
Substation,Roath, Card iff. 


Central Electricity 
Board 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED, RUGBY, ENGLAND 
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A2374 
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Four transformers similar to that illustrated above are being supplied 
to the Central Electricity Board for installation at Fulham Power Station, 
for coupling the 66 kV. bus-bar to the Grid at 132 kV. Connections 
to the transformer are made on both H.V. and L V. sides by single¬ 
core cable. , 

This installation is the latest example of ‘ English Electric* transformers 
supplied to the C.E.B. It is noteworthy that the Company has supplied 
many units in all sizes up to 45 MVA., and voltages up to 132 kV for 
service in all of the C.E.B. Areas. 

THE 


A45MVA 


132/66kVTransformer 


with ON/OFB 


cooling 


Write for 

Pubns. Q53 & Q54A 


PRESTON 


RUGBY 


STAFFORD 
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TELEPHONE 

blackfriars 

8701 (8 lines ) 


FOR EVERY PURPOSE 
ELECTRICAL 
SCIENTIFIC 
RADIO, etc. 

COPPER* COPPER-CADMIUM • BRONZE 


FREDERICK SMITH & COMPANY 

(JNCORPORATED IN THE LONDON ELECTRIC \aLr6 COMPANY AND SMITHS, LIMITED) 

WORKS, SALFORD, 3, LANCS. 


. in i.ru 

ANACONDA 


TELEGRAMS 

"ANACONDA 

MANCHESTER" 


(Regd, 


@ 19 ) 


Trade-Mark) 


ELECTRICITY SUPPLY (METERS) ACT, 1936 


CURRENT, POTENTIAL and 
POWER FACTOR CONTROL 
APPARATUS 

for METER TESTING 


Equipment supplied to meet all requirements, and 
to comply in all respects with the provisions of 
the Act. 


Complete sets, or components, including Current 
and Potential Transformers, Rheostats, Resistances, 
Control Gear, Phase-Shifting and Regulating Trans¬ 
formers, Meter Benches, etc. 

Quotations and suggestions gladly forwarded on request. 

THE ZENITH ELECTRIC Co. Ltd. 

Contractors to H.M. Admiralty, War Office, Air Ministry, 

Pqst Office, Principal Electricity Undertakings, etc. 

ZENITH WORKS, VILLIERS ROAD 
WILLESDEN GREEN, LONDON, N.W.2 

WILTS'4087-8 ••Voltaohmfphone; London” 



Threo^phase Control Equipment 
0-05-1000 Amperes, 0-500 Volts. 
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HYPER-SCALE 

INSTRUMENTS 

for SWITCHBOARDS 


AMPERES 


NCS Improved Dynamometer 
Instruments—Ammeters, Volt¬ 
meters and Wattmeters — 
Moving Coil or Moving Iron 
patterns made with 4", 5", 6", 
or 8" Dials and Scales. Special 
improvements give strength, 
rigidity* and permanent ac¬ 
curacy. 


NCS Efectrical Measuring 
instruments, include switch¬ 
board, portable and‘record¬ 
ing meters, synchronisers^ 
circuit breakers, protective 
relays, etc. Full Retails on 
jmquest. 


Rental charge adjustable from 2d. to 4/- in steps 
of |d. or from 4d. to 8/- in steps of |d. 

-fa Exact amount of rental always collected. 

Special arrears device enables consumer when in 
arrears to obtain emergency supply on payment 
of one coin. 

Manufacturers: 

CHAMBERLAIN & HOOKHAM Ltd. 

SOLAR WORKS, NEW BARTHOLOMEW STREET 

BIRMINGHAM 

London Office: Magnet House, Kingsway, W.C.2 


NALDER BROS.^THOMPSON LIB 
Dalston Lane Works, London.E.8 


Telegrams: Occlude, Haclc, London. 


Telephone.: Clissold 2365 (3 lines) 


imimiK 

HRIHli 

IIHIUM' 






[tap U | 




The Model 7 Avometer provides 
unique facilities for electrical 
measuring. It is a compact multi¬ 
range A.C./D.C. meter, having 
46 ranges which provide for all 
measurements of A.C. and D.C. 
amperes and volts, and also for 
measurements of capacity, audio¬ 
frequency power output and 
decibels. 

The meter conforms to B.S. 1st 
grade requirements. Readings can 
be made with great accuracy. No 
external shunts or series resis¬ 
tances. If an overload is applied, 
a protective cut-out automatically 
disconnects the meter from the 
source of supply. 

Write for descriptive pamphlet 

THE AUTOMATIC COIL WINDER & 
ELECTRICAL EQUIPMENT CO., LTD. 
Winder House, Douglas St., London, S.W.I 
Telephone! Victoria 3404/7 


The 36-range Universal Avometer, Yi gns. 
The 22-range D.C. Avometer, 9 gns. 
Leather Carrying Cases - - £1 

DEFERRED TEEMS IF DESIRED. 


Resistance Range Ex¬ 
tension Unit (for 
measurements down 
to l/100th-ohm) 10/-. 


b 
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CXRS24 


DLC 673 
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ANOTHER INSTALLATION 



BATTERY CHARGERS 

Part of an installation of twelve 30 cell 30 amp. chargers in use with Electricar Vehicles at the Royal Borough 
’ of Kensington Cleansing Department. 

Send for a new edition of Booklet D.P.IIE to Dept. l.E.E. 

WESTINGHOUSE BRAKE & SIGNAL CO., LTD., 

82 YORK ROAD, KING’S CROSS, LONDON, N.l 































LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

Chairman .— G. I.. Poutkr. 

Hon. Scnrtarv. —L. H. A. Carr, M. Sc .Tech., " Oakleigh,” 
Cambridge Road, Hale, Altrincham, Cheshire. 

SCOTTISH CENTRE. 

Chairman. —11. C. Babb. 

Hon. Secretary. —R. B. Mitchell, 53, Lauderdale Gardens, 
ilyndland, Glasgow, W.2. 

Hon. Assist. Secretary.— II. V. Henniker, 172, Craigfceith 
Road, Edinburgh. 

• • 

Dundee Sub-Centre. 

( hairvian .— |. Hargrove. 

Hon. Secretary.—V. I Their, c/o Electricity Supply Dept., 
Dudhopc Crescent Road, Dundee. 

Hampshire Sub-Centje (di 

Chairman. —R. E. G. Hoklky. 

Northern Ireland Sub-Centre 

Chairman.— T. T. Partridge. 


SUB-CENTRES— {Continued). 

SOUTH MIDLAND CENTRE. 

Chairman. —E. A. Reynolds, M.A. 

Hon. Secretary .—H. Hooper, 65, New Street, Birmingham. 

Hon. Assist. Secretary. — R. H. Rawer, “Clonsilla," 35, 
Park Hill Road, Harborne, Birmingham, 17. 

East Midland Sub-Centre. 

Chairman. —W. F. Furse. 

Hon. Secretary.—]. F. Driver, Brighton House, Herrick 
Road, Loughborough. 

WESTERN CENTRE. 

Chairman. —J. W. Spark, 

Hon. Secretary. —H. R. Beasant, 77, Old Market Street, 
Bristol, 2. 

West Wales (Swansea) Sub-Centre. 

Chairman. —A. Jarratt. 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue, 
Swansea. 

ectly under the (Council). 

Hon. Secretary. — A. G, Hiscock, 

2£p Burbidge Grove, Southsea, Hants, 

(directly under the Council). 

Hon. Secretary.—\\ T . J. McC. Girvan* 

Ardkeen, McCaughan,Park, Lower Castlereagh, Belfast. 


INFORMAL MEETINGS. 

Chairman of Committee.- —F. Jervis Smith. 

METER AND INSTRUMENT SECTION. 

Chairman .—G. F. Shotter. 


TRANSMISSION SECTION. 

Chairman .—P. Dunsheath, O.B.E., M.A., D.Sc. 


AUSTRALIA. 

New South Wales. 

Chairman. —V. L. Moleoy. . , 

Hon Secretary. — W. j. McCaixion, M.C., c/o Electrical 
Engineers Branch, Dept, of Public Works, Sydney. 

Queensland. 

Chairman and Hon. Secretary. —J. S. Just, c/o P.O. Box 
I067n, G.P.O., Brisbane. 




South Australia. 

Chairman and Hon. Secretary. —F. W. H. Wheadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. H. R. Harper, 22-32, 
William Street, Melbourne. 

Western Australia. 

A W E G L«“rt. B.E.. 35, The Esplanade. 
South Perth. CEyl0N . 

Chairman •— Major C. IT. Buazel, M.C. 

h 2 Secretary- G. L. Kouc, Stanley Power Staton, 
Kolonnawa, Colombo. 


WIRELESS SECTION. 

Chairman. —E. Mallett, D.Sc.(Eng.). 

LOCAL COMMITTEES ABROAD. 

INDIA. 

Bombay. 

Chairman. —R. G. Higham. 

Hon. Secretary.—A. L. Guilford, B.Sc.Tech., Electric Hous 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. 

Hon. Secretary— D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman. — Prof. T. H. Matthewman. . 

tioYi Secretary. —— J. C. Brown, c/o A.ssocicitcii ElsctriCtil 
Industries (India) Ltd., P.O. Box 146, Lahore. 


TVfcufofls* 

Chairman and Hon. Secretary. E*. J. B. Greenwood, Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 

NEW ZEALAND. 

Chairman —F. T. M. Kissel, B.Sc. 

Hon. Secretary.—]. McDermott, P.O. Box 749, Welhng- 

t0n,C ‘ 1 ' SOUTH AFRICA. 

Transvaal. 

Chairman and Hon . Secretary.— W. Elsdon Dew, Box 4 obi, 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 

_rtATT/nTT WAT TTO * \T 


ARGENTINE: R. G. Parrott, Avenida Pte. Roque Saenz 
Pefia 636, Buenos Aires. 

CANADA: F. A. Gaby, D.Sc., Vice-President, The Bntisn 
° American Oil Co!, Ltd., 14th Floor. Royal Bank 
Building, Toronto, Ontario. 

CAFE, NATAL, AND RHODESIA: G.H Swingler CityElec- 
trical Engineer, Corporation Electricity Dept., Cape Town. 
FRANCE: P. M. J. Ailleret, 36, Avenue Kleber, laris 

HOLLAND: A. E. R. Collette, Heemskerckstraat, 30, 

The Hague. . . r or 

INDIA: K. G. Sillar, c/o Calcutta Electric Supply Corpor 
ation, Post Box 304, Calcutta. ^ 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: I. Nakaiiara, No. 40, Ichigaya Tanimac , 
Ushigomeku, Tokio. 


NEW SOUTH WALES: V. J. F. B^iNg B.E Chief Uectnca 
Engineer, Department of Public Yorks, Bnd 0 e - 

NEW^ZEALAND: J. McDermott, P.O. Box 740, Welling- 

QUEENSLAND: J. S. Just, c/o P.O. Box 1067N, G.P.O., 

SOUTH S AUSTRALIA: F.W. H. Wheadon, Kelvin Building, 

North Terrace, Adelaide. ,-j.o Johannesburg. 

TRANSVAAL: W. e ^on IWav Box 4, u ; >, Johanne g 

UNITED STATES OF AMERICA Street, 
J. G. White Engineering Corporation, ou, ^ 

New York, N.Y tt, rper 22-32, William 

VICTORIA AND TASMANIA: H.R. Harper, - 

Street, Melbourne Fraeskel, B.E., 

WES SSnitS“wktem Lstraha, Craw!ey. Perth. 



STUDENTS’ SECTIONS. 

MERSEY AND NORTH WALES (LIVERPOOL). 

Chairman. —A, A; Dale. 

Hon. Secretary. —J. E. Houldin, 19, Alvanley Place, 
Birkenhead. 

SOUTH MIDLAND. 

Chairman .— H. S. Prosser. 

Hor^. Secretary. —H. J. Sheppard, 90, Prouds Lane, 
Bilston, Staffs. 

* * NORTH MIDLAND. 

Chairman. —W. Chambers. 

Hon. 'Secretary.— HAM. Corner, 34, Conway Drive, 
Leeds, 8. 

SHEFFIELD. 

Chairman .—H. A. Wainwright. 

Hon. Secretary .—C. C. Hall, 4, Meadow Head Avenue, 
Woodseats, Sheffield, 8. 

• ♦ ’ BRISTOL. 

Chairman. _G. L. Thorne. , Hon. Secretary. —A. W. Britton, 50, High Street, Easton, Bristol, 5. 


THE l.E.E. BENEVOLENT FUND. 

The object of the l.E.E. Benevolent Fund is to help 

those members of The Institution and their'dependants 

who have suffered a set-back through ill health, or who 

are passing through times of stress. . 

* 

* 

Applications for assistance will increase with the passage of years. 
During 1936, 73 cases were helped with grants amounting to 

£ 37 2 °* 

Please support the Fund 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 

THE INSTITUTION OF ELECTRICAL ENGINEERS,. 

SAVOY PLACE, W.C.2. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre: T. J. Monaghan. North-Eastern Centre: N. ; Cress well. North Midland Centre: 
R. M. Longman. Sheffield Sub-Centre: W. E. Burnand. North-Western Centre: T. E. Herbert. Metsey 
and North Wales {Liverpool) Centre: A. C. Livesey. Scottish Centre: ( Glasgow ) A^Lindsay ; (. Edinburgh) 
D. S. Munro. Dundee. Sub-Centre: P. Philip. South Midland Centre: W. Y. Anderson. Western Centre: 
(Bristol) E. P. Knill; {Cardiff) J. W. Elliott. Hampshire Sub-Centre: W. P. Conly, M.Sc. 
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